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Doktorska disertacija je sestavljena iz vsebinsko dveh zaključenih celot, ki so jima
skupni tekoči kristali. V obeh delih na različne načine opazujemo urejanje tekočekristal-
nih molekul, ki dajo v različnih primerih zanimive in aplikativne lastnosti. V prvem
delu doktorske disertacije so predstavljeni rezultati meritev opravljenih z različnimi
merilinimi tehnikami, ki prikazujejo stabilizacijo holesteričnih modrih faz z različn-
imi funkcionaliziranimi nanodelci. V drugem delu je predstavljeno nekaj neposred-
nih meritev elastokaloričnega efekta v glavno-verižnem tekočekristalnem elastomeru.
Predstavljen je nematski kalorični pojav, ki je induciran z zunanjim mehanskim pol-
jem.
Če povzamem bolj natančno, je v prvem delu predstavljena raziskava stabilizacije
različnih holesteričnih modrih faz, kot so modra faza I (BPI- ang. blue phase I),
modra faza II (BPII) in modra faza III (BPIII), z dodajanjem različnih nanodelcev
v holesterični tekoči kristal (TK). V prvih študijah se je raziskovalo predvsem sta-
bilizacijo modrih faz z mešanicami kiralnih tekočih kristalov s sferičnimi nanodelci
in kvantnimi pikami, kot so CdSe, CdSSe in zlati nanodelci. Fazni diagrami temper-
aturnih prehodov v odvisnosti od koncentracije nanodelcev v TK z dodanimi različnimi
tipi sferičnih nanodelcev z različnimi jedri, velikostmi in funkcionalizacijo kažejo sta-
bilizacijo BPIII. To velja vsaj dokler so delci manjše ali podobne velikosti kot jedro
disklinacijskih linij. V nadaljni raziskavi pa smo se osredotočili na ploščate in paličaste
nanodelce in njihov vpliv na širino območja posameznih modrih faz, saj so bile pred-
stavljene teoretične simulacije, ki so predpostavljale boljšo stabilizacijo z dodajanjem
anizotropnih nanodelcev, poleg tega pa taki nanodelci še niso bili uporabljeni v študi-
jah pred tem. Rezultati kalorimetrije visoke ločljivosti in mikroskopije s prekrižanimi
polarizatorji so pokazali, da funkcionalizirani anizotropni nanodelci nekoliko drugače
stabilizirajo območje modrih faz. V primerjavi s sferičnimi in kvantnimi pikami, ki
bolj stabilizirajo amorfno BPIII, nanopalčke in ploščati nanodelci z različnimi jedri, ve-
likostmi in funkcinalizacijo večinoma bolj stabilizirajo bolj urejeno BPI. Predstavljen je
teoretični model, ki je osnovan na Landau-de Gennesovem fenomenološkem pristopu,
v katerem sta predstavljena dva mehanizma. Prvi DCR (ang. defect core replace-
ment) sloni na zamenjavi tekočega kristala v jedru defekta z nanodelcem, medtem ko
je drugi povezan z elastično deformacijo - sedlastim upogibom (K24). Kaže, da ta dva
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mehanizma igrata veliko vlogo pri stabilizaciji modrih faz. Pomemben, še posebej v
primeru večjih anizotropnih nanodelcev, je tudi tretji mehanizem ADCT (ang. adap-
tive defect core targeting), ki je povezan z energijsko izgubo zaradi motnje, ki jo delec
povzroči okrog jedra disklinacijske linije. Ta mehanizem tako omogoči, da delec lažje
ostane v jedru disklinacijske linije. Podobno kot je bilo ugotovljeno pri stabilizaciji
TGB faz, nastanek težkih anizotropnih skupkov nanodelcev v jedru defektov zmanjša
fluktuacije disklinacijskih defektnih linij in tako prispeva k stabilizaciji tako BPI kot
tudi BPIII modre faze.
V drugem delu so predstavljene neposredne meritve elastokaloričnega (eK) po-
java v tekočekristalnih elastomerih. Kalorični pojavi, kot so magnetokalorični, elek-
trokalorični in mehanokalorični so v zadnjih letih pridobili veliko zanimanje zaradi nji-
hove uporabe v novih, okolju prijaznih grelnih, hladilnih in klimatskih napravah. Med
mehanokalorčne spadata barokalorični in elastokalorični. Slednji je najbolj raziskan
v kovinah z oblikovnim spominom, v katerih so izmerili spremembo temperature do
40 K. Ker pa je v teh materialih potrebna mehanska napetost večja od 1 GPa, je nji-
hova uporaba v hladilnih napravah povezana z velikimi izzivi. V tej tezi raziskujemo
elastokalorični pojav v mehkih materialih, kot so tekočekristalni elastomeri (TKE),
pri katerih je dovolj že nekaj redov manjša mehanska napetost (okrog 1 MPa) za
vzbujanje eK pojava.
Neposredne meritve elastokaloričnega pojava so potrdile, da obstaja merljiv eK
pojav v okolici tekočekristalnega faznega prehoda v glavno-verižnih tekočekristalnih
elastomerih. Preprost Landau-de Gennesov model opiše večino opaženih lastnosti eK
pojava. Raziskave so pokazale, da pričakujemo največji eK pojav v TKE materialih,
ki so pripravljeni tako, da imajo pri nematskem prehodu velik termomehanski odziv
in veliko latentno toploto, ki dodatno ojača eK odzivnost.
Ključne besede: Tekoči kristali, modre faze, nanodelci, kalorimetrija, tekočekristalni
elastomeri, elastokalorični pojav.
PACS: 61.30.Jf, 61.30.Mp, 61.30.Vx, 64.70.mj, 65.90.+i, 81.40.Gh, 82.60.Fa
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Abstract
The doctoral dissertation is composed of two contently completed parts, with one
common thing - liquid crystals. In both parts we are observing the order o liquid
crystal molecules, leading to interesting and applicative properties. In the first part,
the experimental results from various techniques are demonstrating the stabilization of
cholestric liquid crystal blue phases in liquid crystals doped with various functionalized
nanoparticles. The second part presents some first direct experimental studies of
the elastocaloric effect in side-chin and main-chain liquid crystal elastomers. In this
part the nemato- and smecto-caloric effects, induced by external mechanical field, are
presented.
Specifically, in the first part the stabilization of different blue phases such as Blue
Phase I (BPI), II (BPII) and III (BPIII) is studied by addition of the various types
of nanoparticles (NPs) to the cholesteric liquid crystal (LC). Initial studies exploiting
the spherical CdSe, CdSSe and gold nanoparticles demonstrate the stabilization of the
disordered BPIII phase. The concentration-temperature phase diagram demonstrates
widening of the BPIII with increasing concentration of spherical nanoparticles. It
is found that different types of spherical nanoparticles with different core, size and
functionalization always stabilize better the disordered BPIII phase as long the size of
nanoparticles remains smaller or proportional to the disclination defect-line core size.
In our research the platelet and rod nanoparticles were used to stabilize blue phase tem-
perature range, since the theoretical prediction of better stabilization of blue phases
with anisotropic nanoparticles were made and only spherical nanoparticles were used
before. Polarized optical microscopy (POM) and high-resolution calorimetry exper-
iments exploring the addition of platelet nanoparticles show a completely different
picture than in the case of spherical nanoparticles. In contrast to spherical nanopar-
ticles and quantum dots, which broaden the range of amorphous BPIII, the strongly
anisotropic nanoparticles such as the platelet NPs and nanorods of different core, size
and functionalization stabilize almost exclusively the cubic BPI. A theoretical model
describing the BPs stabilization mechanisms is presented, based on the Landau-de
Gennes phenomenological approach. In the case of spherical NPs, two mechanisms,
the Defect Core Replacement (DCR) and the saddle-splay elasticity mechanism seem
to play major role in stabilizing the disordered BPIII phase. In the case of anisotropic
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NPs, the third Adaptive Defect Core Targeting (ADCT) mechanism related to the en-
ergy penalty, due to disruption of the disclination core-surrounding order, represents
an additional driving force of NPs into the cores of disclination lines. Similarly to
what was found in the stabilization of the TGBA phase, the reduction of disclination
defect-lines’ fluctuations caused by the formation of heavy anisotropic NPs’ clusters
in their cores can also play an important role in stabilizing both BPI and BPIII.
In the second part of the doctoral thesis the elastocaloric effect in liquid crystal
elastomers is studied by a direct experimental technique. In recent years caloric effects,
such as magnetocaloric effect, electrocaloric effect and mechanocaloric effect, attracted
significant attention due to their applications in new, environmental friendly heat-
management devices such as air conditioning devices, coolers and heat pumps. In the
group of mechanocaloric effects belong barocaloric effect and elastocaloric effect (eCE).
So far, the best elastocaloric response, exceeding a temperature change of 40 K, was
achieved in shape memory alloy wires. However, the significant stress field required
in those experiments, 1 GPa, presents significant challenge for cooling applications.
In this thesis, the elastocaloric effect in soft materials is explored. Such soft materials
that need several order of magnitude lower stress field (closer to 1 MPa) are liquid
crystal elastomers (LCEs). Direct measurements of the elastocaloric effect presented
in this thesis demonstrate the existence of significant eCE in main-chain LCEs near
the nematic transition. The simple Landau-de Gennes phenomenological model is
presented, capturing most of the observed features of eCE. It is deduced that best
eCE is achieved in LCEs engineered in such a way to sustain large thermomechanical
response and to have large latent heat at the nematic phase transition, which greatly
enhances the eCE.
Key words: Liquid crystals, blue phases, nanoparticles, calorimetry, liquid crystal
elastomers, elastocaloric effect.
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PN = paranematic
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TGB = twist grain boundary
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BPI, BPII, BPIII = three different types of blue phases I, II and III, respectively
LCE = liquid crystal elastomer
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MPS = (3-Mercaptopropyl)trimethoxysilane
DCR = defect core replacement
ADCT = adaptive defect core targeting
SMA = shape memory alloy
HVAC = heating, ventilation and air conditioning




The thesis is composed of two parts dealing with two different topics, but both features
happening in liquid crystals exploit their ordering. In the first part, the stabilization
of liquid crystal blue phases (BPs) by nanoparticles is studied experimentally and the
related self-organization mechanisms leading to the BPs stabilization are discussed.
The second part is presenting the first experimental investigations of the elastocaloric
effect (eCE) in liquid crystal elastomers (LCEs) demonstrating the existence of a sig-
nificant eC effect in these soft materials. Since both parts deal with liquid crystalline
(LC) materials, organized in different LC phases, a short overview of the most impor-
tant liquid crystal phases together with the introduction to the problem will be given
in this section.
1.1 Liquid crystals and liquid crystal phases
Liquid crystals (LCs) are organic matter, which exhibit one or more mesophases, i.e.,
phases of intermediate structure between the crystal phase and the isotropic liquid
phase [1, 2, 3].
The origin of extra phases is related to the shape and chemical structure of LCs.
LC molecules have a relatively rigid aromatic core, with attached flexible alkyl tails
at the ends [3]. The simplest representative of such a molecule is octyl-cyano biphenyl
(5CB) molecule shown in Figure 1.
Figure 1: Schematic presentation of liquid crystal molecule 5CB.
One of the important properties of LCs is that at some temperatures between the
crystal phase and the isotropic liquid phase they can exhibit a long range orientational
or nematic order, i.e., the molecules point towards the same direction. Consecutive,
the LCs can be considered as anisotropic medium, which makes them different from
conventional liquids. Usually, the anisotropy originates from the molecular asymmetry
and is indicated by the optical anisotropy together with the anisotropic response on
1
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external electric or magnetic field. There are two effects connected with the anisotropy.
Steric effect is a consequence of the shape anisotropy. It stimulates LC molecules to
become parallel, since they can translate more freely without overlapping. This maxi-
mizes the disorder of translation, increases the entropy and thus lowers the energy [4].
Shape exclusion is clearly much more effective at higher rods concentration in solution.
Such nematic LCs, where concentration and its entropic consequences dominate, are
known as lyotropic [5]. Thermotropic influence, on the other hand, is a consequence
of the anisotropy of polarizability. Molecular polarizability along the rod axis creates
a stronger van der Waals attraction between two rods that are parallel. If the van der
Waals forces of anisotropic attraction are the dominant ordering forces, they can lead
to the nematic order on cooling the system. Such systems are known as thermotropic
and in this thesis we will exclusively focus on them [5].
At sufficiently low temperatures the LCs are positionally and orientationally or-
dered, i.e., in the crystal phase. With increasing temperature before reaching the
isotropic liquid state, LCs could go through different phases in which the positional
order is gradually destroyed, while the orientational order persist up to the melting
into the isotropic phase, hence liquid crystal phases. On cooling from the isotropic
phase, the first LC phase that usually appears is the orientationally ordered nematic
(N) phase followed by the smectic A (SmA) phase, which possesses besides the orien-
tational order also the positional order in one dimension.
1.1.1 Nematic phase
The nematic phase is characterized by a certain degree of orientational order. Next
we will introduce the nematic order parameter. Let us denote the average direction of
molecules by the director ~n and the true direction of the i-th molecule by ~ni (Figure
2).
Because of the symmetry of molecules (center of symmetry), the average of ~ni
vanishes, thus making the use of a vector order parameter impossible. Therefore, a














Here summation is running over all of N molecules that are contained within a
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Figure 2: Schematic presentation of the nematic liquid crystal phase showing the
director ~n and the direction of individual molecule ~ni. The angle θi is the tilt angle
from the average molecular direction (~n) and direction of individual molecule (~ni).
small volume located at the point ~r. Indices α and β run over coordinates (x, y, z)
[6]. β is the biaxiality parameter β2 = 1 − 6(trQ
3)2)
(trQ2)3 and is a convenient measure of
biaxiality. It ranges between 0 for uniaxial configurations and 1 for the maximum
degree of biaxiality. In the following only uniaxial nematic will be presented and
biaxialty parameter will be set to zero. In the case of a uniaxial nematic phase with an








with the components nα of the eigenvector also called the director ~n in a given
coordinate system. A measure of the degree of molecular ordering is in this case the
scalar quantity Q defined as:
Q = 12〈3 cos
2 θ(t)− 1〉,
with 〈 〉 denoting the time and position average and θ represents the angle between
the long axis of molecules and the average direction. In the nematic phase 0 < Q <
1, while in the isotropic phase Q = 0.
Nematic (Greek υηµα- means treads) phase was named after dark, flexible fila-
ments commonly observed in nematic samples under microscope. These tread-like
structures are observed at deformations of the director in LC. The deformations of
the director are introduced with the nematic Frank elastic free energy, which can be







ddx{K1(∇n)2 +K2 [n(∇× n)]2 +K3 [n× (∇× n)]2}. (3)
These three terms of free energy correspond to the three basic modes of deformation
of director structures: splay, twist and bend. K1, K2 and K3 are the elastic constants
which represent each of the modes of deformation and depend on the material. In
our thesis additional elastic term will be important, the saddle-splay term with elastic
constant K24).
The deformations of the director can lead to the system of singular points - defects
or discontinuity in the director filed - disclinations. Four essential types of defects
are characterized with molecular arrangement and can be classified with an winding
number m. This is the number of rotation that the orientation of the director per-
forms when the defect is encircled once along an arbitrary closed path. A negative
winding number means that the director rotates in the opposite direction than the
path encircling the defect [7].
A disclination may be located at one point, line or on surface and is named as a
point line or sheet disclination [5]. Figure 3 shows the disclination line that is the
characteristic feature of blue phases described in section 1.1.4.
Figure 3: Disclination line with m= - 1/2, which is the characteristic feature of blue
phases.
1.1.2 Smectic phases
In contrast to the nematic phase exhibiting only orientational order, the smectic phase
is possessing some degree of a positional order and is thus getting closer to the crys-
tal phase. In the simplest smectic phase called smectic A (SmA) phase only one-
dimensional positional order is presented, where the molecules are stacked in layers of
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thickness d. Within each layer, there is no positional order, i.e., molecules behave like
in liquid. Nevertheless, within the layers molecules are oriented in the same direction,
parallel with respect to the layer normal. A schematic structure of a SmA phase is
shown in Figure 4 below. If the molecules average orientation is slightly tilted to the
Figure 4: Schematic presentation of smectic A liquid crystal phase stacked in layers
of thickness d, in which molecules are in average parallel to the layer normal and with
no positional order within the layers.
layer normal, the so called smectic C phase (SmC) is formed [3].
Let us introduce a positional order parameter. It can be defined by the variation
of the density of the molecular mass-centers along a given vector [8]. If the positional
variations are along the z-axis, the density deviation ρ(z)−ρ0 from the average density
ρ0 can be written as:
ρ(z)− ρ0 = η(z) cos(qz − Φ) + . . . . (4)
The SmA layer ordering can be described by the smectic complex order parameter
field
Ψ(~r) = η(~r)eiΦ(~r). (5)
Here the translational order parameter η(~r) is introduced that it quantifies the
degree of layer ordering and the phase field Ψ(~r) locates the smectic layers. In the case
of a perfect nematic, Ψ = 0, and in the smectic phase Ψ is a complex number. Such
introduction of the complex order parameter Ψ(~r) allows for drawing many parallels




If the constituent molecules possess chirality, then liquid crystals can also exhibit
chiral phases [10]. Chiral molecules do not possess any mirror plane (Figure 5 (a)).
In a chiral nematic phase (N*), also also referred to as the cholesteric phase (Ch), the
director ~n continuously rotates along some axis as seen in Figure 5 (b) [3, 5]. The
typical length of the director’s full rotation is called the pitch (p).
Figure 5: (a) Schematic presentation of liquid crystal CE8 (described in section 3.2) as
a chiral LC molecule, (b) schematic representation of the cholesteric phase illustrating
the molecules with rotating director. The average direction of the molecular director
is denoted by an arrow, (c) illustration of the pitch (p).
Another helical structure with the period called pitch (p), can be found as chiral
SmC (denoted as SmC*) in which the direction of the molecular tilt is rotating for a
small angle from one smectic layer to another completing a full rotation in a period
of p (see Figure 5 (c)). SmC* phase is also a ferroelectric phase due to symmetry
reasons. In Figure 6 typical schematic molecular arrangements in various LC phases
are shown.
In the case of cholesteric phase with chiral molecules, it is necessary to include the
additional chiral term in the Frank elastic free energy [3],
FCh = −h
∫
d3xn× (∇× n). (6)
Here a phenomenological parameter h is a chiral or pseudoscalar field and may
be a function of temperature or other external fields. The total Franc free energy in
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Figure 6: Schematic presentation of liquid crystal phases.
chirla nematic is
F = Fn + FCh (7)
and is minimized with a director nc = (0, sin k0x, cos k0x), where k0 = h/K2. It should
be stressed, the stronger chirality of the system, the shorter the pitch (p) [3].
In high chiral samples additional defect phases exist, like blue phases (BPs) and
twist grain boundary (TGB) phases. The defects are formed spontaneously but are
energetically unfavored [8].
Blue phases exist in a narrow temperature range between the chiral nematic and
the isotropic phases. The main features describing them are double twist cylinders,
which form many spatially ordered double twist structures.
TGB phases exist in a narrow temperature range between chiral nematic and chiral
smectic phases [9]. They have a structure similar to SmA phase but as they exist in
highly chiral liquid crystals, they have the tendency to form a cholesteric-like helical
director field. Since it is impossible to realize the continuous structure which exhibits
both the cholesteric director field and the smectic layer structure at the same time, the
competition between these two structural features can result in frustrated structures.
In particular, these structures contain a regular lattice of grain boundaries which in
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turn consists of a lattice of screw dislocations. The most common TGBA phase consists
of smectic slabs, separated by defect walls. Neighboring slabs are tilted with respect
to each other by an angle, thereby forming a helical structure, while the order in each
slab is equivalent to the smectic-A phase (Figure 7) [10].
Figure 7: Schematic presentation of TGB liquid crystal phase. In each slab the order
is equivalent to the smectic-A phase, while slabs are tilted with respect to each other,
by an angle and are separated with grain boundaries. The lines in grain boundaries
represent a lattice of screw dislocations.
1.1.4 Blue phases of liquid crystals
In chiral nematic and smectic it is observed that the twist is only in one direction, it
is a single twist, while the building blocks of blue phases are double twist cylinders.
For understand mechanism of organizing molecules in such a cylinder, let n0 be the
director along the axis Z (Figure 8). In the local state of the smallest energy, the
chiral molecules in the vicinity of n0 have the tendency to rotate along all direction
perpendicular to n0 and so form double twist cylinder. So, such a cylinder is the local
state which has the smallest free energy [7]. This is true for some chiral materials
which have a really high chirality and on the other hand short pitch (typically less
than 500 nm) [11].
Blue phases are frustrated defect phases, which means that the double twist is
energetically preferable to the single twist, but the double twist cannot extend over
whole three-dimensional space. This happen as the far-field director configuration
comes closer to the 1D twist of te N* phase. This means, that the energy gain of double
twist cylinders is reduced as the distance from the center of double twist cylinder
increases. The typical radius of double-twist cylinders is the half pitch [1, 10, 12]. The
arrangement of molecules in double twist cylinders is depicted in Figure 8.
These so-called double twist cylinders of finite radius cannot tile space continuously
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Figure 8: Since the double twist cannot extend over whole 3D space, a double twist
cylinder is formed with typical radius-the half of pitch. On the left side, the lines in
different cylinders represent orientation of LC molecules at different length distance
from the center of double twist cylinders. On the right the cross section of cylinder is
presented.
and the packing of these cylinders leads to the presence of singular defects among them,
as seen in Figure 9.
Figure 9: Double twist cylinders of finite radius cannot tile space continuously. Packing
of cylinders leads to the presence of a defect core (left). The director lines around the
such defects, which are then in larger scale relived with disclination line m=-1/2 are
also presented (right).
Such singularities form a network of disclination lines with m=-1/2. The distribu-
tion of the nematic order around such disclination is presented in inset in Figure 9.
Disclination lines are either regularly distributed in BPI (the double twist cylinders
form a body centered cubic lattice) and in BPII (the double twist cylinders form a
simple cubic lattice) [10, 13, 14, 15] or are disordered as in isotropic-like BPIII (amor-
phous network of double twist cylinders) [16, 17, 18]. These structures of defect lines
are thus the fingerprint of each BP and are with distibution of double twist cylinders
presented on Figure 10 [19].
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Figure 10: Packing of double twist cylinders (up) and strusture of defect lines (down)
for BPI (left) and BPII (middle) and BPIII (right).
The phase transition from the isotropic to BPIII is expected to be generally first
order but can become second order in an isolated critical point at the termination of a
first order line. On the other hand, the other phase transitions involving blue phases
are first order [11].
These superstructures of defect lines scatter light (Bragg scattering) and are the
origin of the blue scattered light observed by Reinitzer in 1888 [1].
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1.2 Stabilization of blue phases
Frustrated liquid crystal blue phases have recently attracted a great interest of sci-
entific community due to the possible optical applications such as mirror-free lasers,
tunable lenses and display technologies [20, 21, 22]. LCs with blue phases can be used
in liquid crystal displays with better viewing angle without additional optical films
(since their dark state is isotropic), fast response times in the order of 100 microsec-
onds [23] and low-voltage operation [20]. Possible application is in 3D lasers, which are
lasing in the three orthogonal directions, x, y and z [24]. The biggest problem for using
them is their appearance in a narrow temperature range (1-2 K) in pure compounds
[25], hence there is a great interest in improved stabilization of these phases.
In the first studies most of approaches to widen the BP range involve chemical
design, dimmers, T-shaped molecules, linking different mesogenic structures and hy-
drogen bonding. The first large temperature range of 60 K was reported for liquid
crystal dimmers [26]. Also other different methods for their stabilization are already
known such as the addition of chiral dopants, addition of otherwise achiral, bent-core
dopants, dispersion of polymers and, more recently, the addition of NPs. The first
method is addition of chiral dopants that increase chirality of the system [27]. The
idea is based on the fact that increasing BPs regime is observed for increasing chirality
of the system (Figure 11).
Figure 11: The blue phase temperature range is increased as a function of chirality as
depicted in this phase diagram [19].
The next approach is the addition of otherwise achiral, bent-core dopants, which
again in fact enhance chirality because of their shape [27].
Another way to stabilize blue phase is by addition of polymers. Small amount
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of monomers photopolymerized in situ was put in the material. According to the
proposed model polymers were fixed at the disclination lines presented in the BPs
(Figure 12) [28].
Figure 12: Polymer chains are selectively concentrated in the disclination lines’ cores
and stabilize them in a wider temperature range [28].
More than 60 K wide BPs were observed in this case [28], however, there is a strong
indication that most of this widening was actually due to super-cooling. Namely,
widening of BP range was only observed on cooling, while at heating phase separation
occurs putting under question the stability of the BPs in such a wide temperature
range.
The addition of nanotubes, which was being explored, is seen for now as not very
effective [27]. Of course, there is a possibility to study possible combinations of these
methods. Dierking et al. [27] tried to study some of them and come to the conclusion
that the effects of individual stabilization mechanisms are not linearly additive.
Recently, another method of BPs stabilization by using the spherical nanoparticles
(it will be presented in the next section) was explored [27, 29, 30, 31, 32].
The preposition that the NPs will stabilize BP based on the theoretical and ex-
perimental observations of the forces between colloids dispersed in a nematic liquid
crystal. These show that the colloids interact with each other and with distortions in
the LC. The forces between colloids originate from the elastic energy of the distortions
that are presented in nematic medium (for the like-particle interaction, distortions are
produced around particles by themselves). These forces are anisotropic, long range
and several thousand times stronger than van der Walls forces in water-based col-
loids. The colloids form self-assembling 2D and 3D structures as colloidal chains [33],
microspheres, anisotropic clusters and others [34]. Also, it was shown that they are
attracted by the disclinations. In the case of bigger µm particles the interaction is
much stronger and the colloids gets stuck on the disclination line [35]. So, in the
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case of BPs, the added NPs will interact with the network of the disclination lines.
The studies also evidence different behaviors according to the surface treatment of
the particles, to their radius and to their separating distances. According to this, it
was calculated that the binding energy of the particles decreases by decreasing the
size of the NP [36, 37]. This means that the probability that the NP will be in the
disclination lines is higher as the radius of the NP increases.
1.2.1 Initial stabilization attempts of cholesteric blue phases by spherical
nanoparticles
In this section an overview of few initial studies of the stabilization of cholesteric blue
phases by spherical nanoparticles is given.
In the experimental field Yoshida et al. [29] used LC, which already exhibits BPs,
to make a mixture with spherical gold nanoparticles of a 3.7 nm mean diameter. In the
mixture of several wt% of gold nanoparticles (the exact weight of gold deposited could
not be measured) the cholesteric blue phase temperature range increased from 0.5 K
to 5 K. However, the pure LC sample used in this study exhibits only BPII and BPI,
without BPIII. It is noteworthy that the clearing temperature in nanoparticle-doped
sample was decreased by more than 11 K and that the nanoparticle-doped sample
exhibits only single BP instead of two as in pure LC.
In the study of Dierking et al. [27] larger spherical particles of different sizes (40
nm, 86 nm, 122 nm, 1500 nm) were used to form mixtures. Based on the estimated
unit cell size from POM, which was approximately 400 nm, they estimated the defect
occupation and observed the stabilization mechanism. It was shown that for small
particles a large filling ratio can be achieved and that stabilization effect levels off at
100 % defect core occupation. By increasing the nanoparticles size, it is becoming
increasingly difficult to stabilize the mixtures and thus the stabilization efficiency of
this method progressively vanishes. It was found that for larger particles than the
BPs’ unit cells the stabilization by NPs was not effective at all [27].
The early experiments on the same LC as used in this thesis, i.e., CE8, were made
with addition of CdSe and aerosil silica nanoparticles with hydrophilic coating [31, 32].
In [32] the temperature-concentration (T-x) phase diagram of CE8 and CdSe nanopar-
ticles mixture obtained upon heating and cooling clearly shows that the temperature
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range of BPIII phase increases significantly with increasing concentration of CdSe
nanoparticles (χ).
Specifically, it is shown [31, 32] that in mixtures with CdSe NPs of 3.5 nm diameter
and hydrophobic coating (oleyl amine and tri-octyl phosphine) the BPIII stability
range has been extended up to 20 K for χ = 0.20. In contrast, the effect of BPs
stabilization of aerosil silica nanoparticles of 7.0 nm diameter and hydrophilic coating
was found to be much weaker [32]. The BPIII phase is of high technological interest
because it enables among others fast electro-optical switching between dark and bright
states without need for demanding specific surface treatment [38].
Nevertheless, despite there were already several research studies done in this field,
none of the studies did systematically include all three important parameters, i.e.,
size, functionalization and shape of the nanoparticles. Our aim was to observe how
these three parameters affect BPs. The only systematic research done by Dierking et
al. [27] did not include the data about type of nanoparticles and the surfaces of the
particles were not functionalized. In addition, they did not distinguish between the
three different types of BPs but observing just the whole range of all three BPs. As
mentioned before, this is important since different shapes of nanoparticles stabilize
different types of BPs, as it will be demonstrated later on in this thesis. The platelet
and rod nanoparticles were not considered in previous studies in this field. In next
sections experimental measurements on mixtures of CE8 with nanoparticles differ in
their core structure, size, functionalization and shape will be presented.
In the theoretical studies [31, 32, 39] the authors propose a theoretical model
of widening of the BPs temperature range, based on assumption that the partial
replacement of the singular defect core volume with NPs reduces the energy cost of a
structure hosting topological defects. It was named defect core replacement mechanism
(DCR) and it will be presented in detail in section 1.2.2.
The numerical simulations that had focus on the understanding of mechanisms,
that ruled the stabilization, were introduced by Ravnik et al. and Fukuda et al.
[39, 40, 41, 42]. Numerical modeling within the Landau-de-Gennes free energy was
made for BPI and BPII.
In numerical simulations it was shown that the nanoparticles doped in the BPs
will most likely be trapped in the disclination lines as a result of elastic interactions
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and that it is expected to be energetically favorable to use numerous small particles,
as they can more effectively fill the defect cores and thus reduce the total free energy
or to use anisotropic particles (ellipsoids or spherocylinders).
1.2.2 Defect core replacement mechanism (DCR) and adaptive defect core
targeting (ADCT) as theoretical model of blue phase range exten-
sion
A theoretical model of the stabilization of blue phases by spherical nanoparticles
named as Defect core replacement was proposed [28, 31, 32, 39, 40, 41]. In Kikuchi
et al. [28] as already described in section 1.1.4 it is proposed that the random shaped
polymer coils stabilized the disclination lines in the blue phase structure. In the case of
spherical NPs [28, 31, 32, 39, 40, 41] the role of polymers is taken over by themselves.
Defect core replacement (DCR) states that the partial replacement of the singular
defect core volume with NPs reduces the energy cost of a structure hosting topologi-
cal defects, i.e., essentially melted isotropic regions around defects are replaced either
with polymer chains or with NPs.
Since the BPs border on isotropic and nematic phase, the important parameter






Here ~n is the nematic director field, Q the uniaxial orientational order parameter
which measures the extent of fluctuations along direction of ~n. In case of strong local
deformation a biaxial ordering could be also realized.
The volume concentration of NPs in the homogeneous mixture is described as:
φ = NNPVNP/V ≈ χρLC/ρNP , (9)
where NNP counts the number of NPs of volume of VNP , while ρLC and ρNP are the
mass densities of LC and NPs, respectively. The VNP is in spherical case VNP ≈ 4πR
3
3 ,
where R describes the radius. For platelet-shaped NP the VNP ≈ πR2h with R as the
radius and h the thickens of platelet-shaped NP and in the case of nanorods VNP ≈ x2l,
where x is width and l is length of rod NPs. For theoretical research the Landau de
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Gennes phenomenological approach is used [32].
The free energy of the system consists of two parts
F = FV + Fi, (10)
where the FV represents the integration of free energy over the LC volume, while the
Fi is the integration over the enclosing interfaces of the LC and NP.
The fist part FV is expressed as [32]:
FV =
∫





(1− φ) ln(1− φ) + kbT
VNP
φ lnφ+ χφ(1− φ) (12)
is the mixing term describing the isotropic mixing for the two components within the
Flory theory. Here kB is Boltzmann constant, T is absolute temperature and χ is the
Flory Huggins parameter.
The condensation term is expressed as
fc = (1− φ)
(A0









and enforces an orientational LC ordering below a critical temperature Tc = T ∗ +
(B2/4A0C). The quantities A0, B and C are material constants and T ∗ is the super-
cooling temperature of pure bulk LC.
The last volume part of integration is
fe = (1− φ)
L
2Qjk,iQjk,i + 2q0LεiklQijQlj,k, (14)
which is the elastic term and represents the elastic energy penalties. It has to be noted
that here only the key elastic contributions are taken into account and then weighed
by the temperature independent positive constant L and the chiral vector qo.
The (1− φ) factor of equations accounts for the volume not taken up by LC.
The second part Fi is the integration over the enclosing interfaces of the LC and
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This part is dependent on the surface interaction strength w and the uniaxial orien-











where Ss is the surface-enforced degree of uniaxial ordering [32].
As already mentioned, the DCR mechanism is based on the assumption that the
partial replacement of the singular defect core volume with NPs reduces the energy
costs of a structure hosting topological defects. Since these singular defects have
isotropic melted cores, thus increase the energy of whole system. But the system
always wants to order in such a manner, that it minimizes the free energy. Thus for
better stabilization of blue phases reduction of the free energy penalty for the defect
should be achieved. In order to identify the conditions, under which the NPs are
driven toward the disclinations and thus replace the defect cores, the phase separation
tendency in a mixture of LC and NPs at the phase transition between isotropic to the
orientational ordered phase was estimated. The authors showed, that there is at least
local tendency towards a phase separation and that appropriate boundary conditions
at the surface might play an important role. In order to find the conditions, that
promote the assembling of NPs at the disclination lines when BP is entered, the
interaction between NPs and defect core was observed as a function of conditions at
the NPs surface. A cylindrical plane-parallel cell of thickness h, with the LC confined
within and a cylindrically shaped NP placed at the cylinder axis, was theoretically
formed. The goal was to impose three different strong hybrid anchoring conditions
at the confining plates (at top the uniaxial radial anchoring, at the bottom strong
homeotropic anchoring, at the lateral wall free boundary conditions). This means that
there exist three qualitatively different areas of LC ordering which might attract the
NP. These were the area with the radial ordering, the melted point and homogeneous
ordering [32]. It was observed that NPs tend to migrate towards regions which exhibit a
similar local structure with respect to the conditions at the NPs surface (NPs enforcing
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melting, radial and homogeneous configuration tend to migrate to the melting point,
radial ordering and homogeneous ordering of LC, respectively). This demonstrate that
in order to have an efficient assembly of NPs in the regions of melted defect cores, it
is essential to make such a surface coating that enforces melting [29].
In addition, when exploring the interaction of the LC and NPs, the new aspect
for larger platelet NP should be introduced. The diameter of platelet particles is
larger than the nematic order parameter correlation length ξ, which characterizes the
typical linear size of a disclination core. This is a huge difference with respect to the
radius of spherical NP used for previous studies of DCR [32, 43] which were essentially
smaller. Since in the case of R > ξ at least part of the NP is immersed within a well-
ordered LC phase. This part of the NP should not apparently disrupt the LC ordering
because such a distortion would energetically overcome the DCR free energy gain [132].
Their adaptive character is enabled by the attachment of flexible functional tails and
give them the ability to accommodate their local surface anchoring conditions to the
surrounding environment, which is not homogeneous [132].
In BPs a trapped platelet NP is expected to orient with its characteristic surface´s
normal perpendicular to the dislocation direction in order to maximize the DCR effect
[134]. Since they are adaptive, the platelet NP can accommodate also a different
director field distribution. The reason of strong stability effect for platelet NPs is in
more effective assembling of NPs at the core defects. Comparing to small spherical
particles they are experiencing the stronger attraction towards the defects due to the
stronger perturbation of the LC ordering outside the cores [45].
For this case additionally to DCR the stabilizing effect, the so-called adaptive-
defect-core-targeting (ADCT) mechanism, was introduced in [43]. The ADCT mech-
anism combines two other mechanisms:
- it is based on the previously introduced defect core-replacement (DCR) mechanism
and
-it is taking into account the adaptive character of NPs’ functionalization with respect
to the surrounding LC ordering. This mechanism is effective if a NP is adaptive, i.e.,
it does not significantly elastically disrupt the local LC environment [43].
To observe the influence on the stabilization of the BPs ranges, the three free energy
differences of a representative lattice cell unit of volume V0 were observed. These are
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the condensation free energy penalty and the two elastic free energy contributions: the
saddle splay term and the penalty term connected with the director field distortion in
the LC body in the presence of disclinations. The condensation free energy penalty of
introducing the disclination line inside an orientationally ordered medium is:
∆Fc ∼ a0(TI−BP − T )S
2
πξ2hd, (17)
where hd is the total length of hosting disclination lines, S is spatially average uniaxial
order parameter, TI−BP temperature of phase transition from isotropic to BP.
The saddle splay surface elastic term is characterized by the saddle splay elastic con-
stant K24 = k24S2 and the free energy contribution at the interface separating the




The formation of BP structure is favorable for k24 > 0. Here constant k24 is comparable
to other elastic constants.
The last elastic penalty connected with the presence of disclination lines which








where K = kS2 stands for an average Frank elastic constant and Rmax is the cutoff
radius, so the distance 2Rmax determines the distance between neighboring disclination
lines running in similar direction.
The stability range of BPs is given as
∆TBP =







The term k24 is of the same order as other elastic constants in the order of 10−11 N [44].
The changes in both elastic terms are expected to be significant only for mixtures with
higher concentrations, where the disclination lines are almost filled with NPs, while
for small concentrations they are relatively negligible [32].
Exploring nanoparticle-induced temperature shift of BPs phase transitions results
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in the corresponding nanoparticles induced temperature range of BPs which depends




where b is the constant observed from experimental observation [32]. The last equation
holds only for small concentrations of nanoparticles. For higher concentrations, where
disclination lines are almost filled with NPs, ∆TBP is expected to approach a constant
value (limit for large (χ)).
Lets now take a look at the I-BP phase transition. At this transition only the
condensation term is mostly effected. Since the correlation length attains its maximum
value, which means that volume occupied by defect is larger, the impact of NPs is
relatively weaker for BP-I phase transition than in the case of N*-BP. The DCR
mechanism is less effective but tends to increase TI−BP . On the other hand, the
elastic distortion induced by the NPs imposes an opposite tendency. The result of
these two opposite mechanisms is a relatively weak change in TI−BP in the case of
small spherical NPs.
However, in the case of larger platelet NPs, where the diameter of the NPs is
larger than the correlation length ξ, the large surface of these NPs induces some order
already at temperatures that correspond to the I phase of pure CE8. The addition of
this type of NPs tends to increase TI−BP . The anchoring strength for such an increase
in TI−BP should be strong (|w  10−6| J/m2) [45].
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1.3 Liquid crystal elastomers and elastocaloric effect
Liquid crystal elastomers (LCEs) are materials in which the elastic properties of elas-
tomers are combined with the orientational and positional ordering properties of liq-
uid crystals [4, 46]. As the strain in LCEs can be controlled by external changes of
temperature, electric field or even ultraviolet light, LCEs have a great potential for
application as sensors and actuators [2, 47, 48, 49, 50, 51, 52, 53, 54]. Their usage is
nicely reviewed in [55, 56]. The properties of LCs were described in previous section
1.1, while in this section the LCEs will be introduced together with caloric effects,
such as the elastocaloric effect, which is subject of the second part of this thesis.
1.3.1 Liquid crystal elastomers
Elastomers, of which the most known representative is natural rubber, are polymeric
chains that are crosslinked into a network via molecules called crosslinkers (Figure 13).
The essential polymeric segments known as monomers are composed of hydrogens
attached to carbon or silicon. If we replace one of the hydrogens with a reactive
element or group, a polymeric chain is formed out of monomers [4].
Figure 13: Schematic presentation of elastomers. Formation of elastomers - monomers
forming polymeric chains which are linked together in a network by crosslinkers.
Polymers are bound together via crosslinkers, which are very important because
they make the elasticity possible. The main property of elastomers is their reversible
or semireversible response on the external force, meaning that an elastomer recovers
its original state when external forces are removed. Polymeric chains are entangled but
become ordered when stretched. Without crosslinkers the elastomers would untangle
under stretching and would never return into the initial state.
In LCE the LC mesogens are incorporated into the elastomer network (Figure 14).
Regarding the chemical structure, it is possible to define two different types of
LCEs. The LCEs, where the mesogens are part of the polymer chains, are called
the main-chain LCEs (see Figure 15). In contrast, in side-chain LCEs mesogens are
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Figure 14: Schematic presentation of liquid crystal elastomers.
attached as lateral monomers with one free end “dangling” from the chain (see Figure
15).
Regarding the LC phases obtaining the mesogens appearing in the LC, next to
nematic LCE the smectic LCE was observed [57, 58, 59].
Figure 15: Schematic presentation of main-chain liquid crystal elastomer (left) and
side-chain liquid crystal elastomer (right).
The different ways of synthesis of LCE are known. Among others chemical crosslink-
ing using copolymerisation with a small proportion of reactive groups on a chain and
adding bi- or tri-functional crosslinking agents [60] and radiation processes using UV
light with photoinitiators [61].
Let us briefly introduce the initial “Finkelmann procedure” [60], which paved the
way how to prepare LCEs with a permanent, macroscopically uniform alignment. This
procedure allows us to have a control over the contributions of the mesogens alignment
and the polymeric elasticity. The procedure consists of two main steps. In the first
step the nematic polymer melt is lightly crosslinked to form a weak gel. If the gel is
stretched in a uniaxial way in the nematic phase, it becomes monodomain. Keeping
the sample stretched during the second step when a uniaxial load larger than the
threshold stress is applied and a second crosslinking reaction is performed, is fixing
the enforced uniaxial alignment. The realignment of many domains into a one single
aligned domain converts a polydomain LCE into a monodomain one. This preparation
method is used for SC-LCEs as well as for MC-LCEs with a small difference during
the preparation, i.e., in MC-LCEs, due to the high elasticity, the speed of reaction is
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slower and in the second preparation step a larger strain is needed [4].
Here it can be noted that a monodomain sample has a uniform nematic director
and is optically transparent, while a polydomain sample is opaque unless stretched
[60].
LCEs have interesting properties such as soft elasticity and thermomechanical re-
sponse. The chemical linking of mesogens to the polymer backbone is responsible
for a thermomechanical response, i.e., a large spontaneous change in geometry with
changing temperature [62]. The so-called thermomechanical response appears when a
LCE is cooled from the isotropic phase to the LC phase, such as the nematic phase,
and reversible shrinkage takes place on heating back to the isotropic phase as seen in
Figure 16.
Figure 16: Schematic presentation of thermomechanical response in liquid crystal
elastomers.
Spontaneous shape changes are associated with the level of the internal stress
field that was imprinted on LCE during the second crosslinking stage. This internal
stress field is typically imprinted by stretching, thus ordering the LCE during the
crosslinking procedure causes a memory effect that results in a huge stretching on
cooling the sample to the ordered nematic phase. The nematic order parameter is
linearly coupled with a conjugate internal or external field G, accounted by the free
energy term –GS [63].
Free energy density is then stated as:
f = a0(T − T∗)S2 − bS3 + cS4 −GS. (22)
23
INTRODUCTION
In LCEs, G is the mechanical stress field that consists of the internal, monodomain-
state maintaining field Gint, imprinted into the system during the two-step “Finkel-
mann crosslinking procedure” [62] and the external field Gext, applied by straining the
already crosslinked sample.
Figure 17: Typical temperature profiles of the order parameter, which are qualitatively
similar to thermomechanical effect ranging from fast on-off response corresponding to
the first order transition (red line) to a continuous, “slow” response corresponding to
the supercritical evolution (green line).
The temperature profile of the thermomechanical response is related to the nature
of the phase transition. It can be either a fast “on-off” profile, which corresponds to a
first order phase transition, where order parameter at phase transition discontinuously
jump to zero or it can be “slow”, continuous profile corresponding to a continuous phase
transition or even supercritical evolution, where order parameter slowly, continuously
drops to zero (see Figure 17) [4].
Initially it was believed that LCEs prepared by famous “Finkelmann procedure”
[62] are supercritical systems with a low heterogeneity [64] and they can be driven
towards the critical regime only when they are doped with an amount of conventional
nematogen [65, 66].
However, it was shown later that the nature of thermomechanical response can
be determined during “Finkelmann procedure”. As already mentioned, the nature of
the thermomechanical response is connected with the nature of phase conversion. On
the subcritical regime, the order parameter temperature dependence exhibits a jump
across a first-order phase transition. In the supercritical regime the phase evolution is
gradual and the order parameter temperature dependence is smooth. The temperature
profile and magnitude of the thermomechanical response can be manipulated during
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preparation by changing the crosslinkers concentration, the internal stress field that
is imprinted during the sample preparation and the crosslinking temperature as well
as with swelling the sample [58, 67, 68, 69]. A review of this tailoring is presented in
[70, 71]. The results clearly demonstrate that the increase in the crosslinking density
drives the transition towards and beyond the critical point, into the supercritical
regime, where broader and more suppressed anomalies are typically observed. This
trend was observed in side-chain [68] as well as in main-chain nematic LCEs [69]. In the
study of Rožič et al. [67] it has been shown that the applied mechanical stress during
the second crosslinking affects the transition on a very similar way with the internal
stress related to the crosslinking density, i.e., a higher mechanical stress drives the
transition toward the supercritical regime. In addition, it was shown that the latent
heat increases when decreasing the crosslinking temperature from highly above the
paranematic to nematic (PN-N) transition, while for the second sample the second
crosslinking was done deep in the N phase [67].
The influence of sample preparation on the nematic–isotropic transition in liquid
crystal elastomers has been also the subject of research in recent molecular simulations
[72]. The magnitude of the thermomechanical response ranges from few tens of percent
of strain in side-chain LCEs to several hundred percent of strain in main-chain LCEs
[73].
1.3.2 Elastocaloric effect among other caloric effects
The elastocaloric effect belongs to the group of caloric effects, such as electrocaloric
effect, magnetocaloric effect and mechanocaloric effect, to which barocaloric effect and
elastocaloric effect belong, respectively.
All caloric effects refer to a change in isothermal entropy or adiabatic temperature
upon application or removal of the certain field. Caloric effects of a given material
are categorized depending on the nature of external field applied. In ECE electric
polarization is manipulated by external electric field, while the magnetocaloric effect
is analogous to the ECE, except that in the case of magnetocalorics the temperature
change in the material is achieved by changing the magnetic field. For mechanocaloric
effect the external field is mechanical stress. In the case of eCE and the barocaloric
effect the mechanical field is represented by the uniaxial stress field and the isotropic
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stress field, receptively [74].
In caloric effects the entropy of subsystem energy reservoir, like dipolar subsystem
or in our case energy reservoir related to the nematic or smectic ordering, is manip-
ulated by an external field conjugated to the order parameter of the specific state of
the energy reservoir. Such a manipulation is usually done under adiabatic conditions
which implies that the total entropy of the system must be preserved. The change of
the subsystem entropy induced by an external field is then compensated by the ther-
mal entropy change, resulting in a change of the system’s temperature. In Figure 18 is
the schematic presentation of the entropy-temperature diagram for eC cycle in LCE.
The quick adiabatic extension of LCE (blue dotted line) is equivalent to isothermal
orientation of LCE under the stress field, during which the entropy of nematic subsys-
tem decreases and its change is subsequently compensated by the isofield process in
which the temperature of material increases due to the change of the thermal entropy
(both denoted with green lines). As the external field is removed the system moves to
Figure 18: Schematic presentation of the entropy-temperature diagram for elas-
tocaloric cycle in LCE. The path from point S(g0, T0) to S(g1, T0) (green) represents
the isothermal process and the path from S(g0, T0) to S(g1, T1) represents the adiabatic
process (blue dotted line); g0 and g0 denote constant stress fields.
the opposite direction. The same was described for the case of elastocaloric response
as described in [75].
Typically the effects were measured either indirectly or directly. In indirect mea-
surements, for instance, in case of ECE the electric polarization P as a function of the
electric field was distinguished [76], while in case of direct measurements the tempera-
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ture itself. The electrocaloric effect [77] was observed (ECE) in ferroelectric and relaxor
ferroelectric ceramic [78] and polymers [76, 79, 80] as well as in liquid crystals [81, 82].
Other observed caloric effects were magnetocaloric effect [83, 84] and mechanocaloric
effect [74]. Recently, the caloric effects have attracted significant attention due to the
potential possibility to build a new generation of environmentally friendly cooling or
heat-managing devices based on solid-state cooling materials [85, 86]. The best caloric
effects observed from direct measurements [85] are in the order of 10 K for magne-
tocaloric materials (largest 13 K [87, 88]), in the order of few K in bulk EC materials
(largest 3.5 K [89]) and 30 K for EC films [90, 91]. In the case of mechanocalorics
till now the highest was measured in Ni50.2Ti49.8 shape memory alloy wires where the
eCE temperature change of 40 K was observed [92]. In the barocalorics, on the other
hand, the highest temperature difference of only 2.2 K was observed [93]. In 2014 the
U.S. Department of Energy chooses eCE technology as the "Most Promising" among
alternatives to vapor compression technologies [94].
In this thesis we will deal with the inverse effect to thermomechanical, i.e., the
elastocaloric effect (eCE) that results in the change of temperature under the applied
stress field. It has been already observed in multiple materials like polymers [95],
natural rubber [96] and more frequently in shape memory alloys [97, 98, 99]. It has been
predicted in ferroelectric materials [100], which show a great potential for investigation
the multicaloric effects [101].
So far the highest eCE was observed in shape memory alloy wires [97, 98, 99, 100],
using the unique properties of shape-memory alloys (SMAs)-superelasticity. When a
SMA in the austenite phase is strained/stressed, an exothermic process occurs. The
transformation releases heat or, under adiabatic conditions, heats the material. When
the stress is removed, the reverse transformation occurs, which is endothermic (under
adiabatic conditions the material cools down), and the material transforms back to
the austenite phase [98]. The latent heat associated with this diffusion-less first-order
phase transformation is material-dependent, typically higher than for magnetocaloric
and electrocaloric materials and may exceed 30 J/g in the case of TiNi. Examples of
such systems are Ni50.2Ti49.8 shape memory alloy wires where the eCE temperature
change of 40 K was observed at the applied stress of 0.8 GPa [85, 92]. This is the
highest value so far observed for any caloric effect. The first prototype of eCE heat
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pump exploiting the water regeneration technique achieved a temperature span of 15.3
K [102]. In this case, the eCE was again closely related to the martensitic transforma-
tion of shape memory alloy wires. The large stress fields required in these materials
typically require rather heavy experimental set-ups, thus making the miniaturization
of cooling devices difficult, similar to the case of magnetocaloric materials. Therefore,
it is of great importance to find suitable eCE candidates among soft materials like
LCEs in which an order of magnitude smaller stress field would still produce sizable
entropy changes.
Let us briefly explore the equations from which the magnitude of the elastocaloric
effect can be estimated in indirect measurements, i.e., in measurements in which the
change is not directly measured, but is rather calculated from measurements of the
order parameter as a function of temperature and the stress field. In the Landau de
Gennes equation of the free energy for nematic and smectic ordering in LCEs, the
stress field couples linearly with the nematic order parameter, similarly as the electric
field to the polarization in the case of the electrocaloric effect in ferroelectrics:
f = 12a0(T − T
∗)Q2 − 13bQ
3 + 14cQ




Here a0, b, c, α0, β are usual temperature-independent phenomenological constants,
D gives the coupling strength between the translational and orientational order, T ∗ is
the isotropic supercooling temperature. In order not to be confused with the entropy
S, the scalar value of the nematic order parameter will be henceforth denoted as Q. η
represents the smectic order parameter [46]. The stress field acting upon the system
is denoted by G. It can be sum of the internal imprinted stress field and the external
stress field. As the thermal change introduced by an external field can be considered
adiabatic, the total entropy of the system must be preserved, i.e., the change of the
total entropy is zero. Therefore, if the thermal entropy decreases by ∆ST , the nematic
entropy must increase by ∆SN so that
∆S = 0 = ∆SN + ∆ST , (24)
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∆SN = ∆ST , (25)





where Cp is the heat capacity of the LCE. Integration of the above equation from the







The finite change of the thermal entropy ∆ST as a function of the T2 is then




Here we neglected the temperature variations in Cp in the temperature interval
[T1, T2] as we considered a rather small temperature interval [T1, T2] in comparison to
T1.
From the above equation the final temperature as a function of the nematic entropy
change is
T2 = T1 exp
−∆SN (G,T )
Cp . (29)
In order to calculate ∆S the nematic order parameter must be determined for





with a = a0(T − T∗) and assuming spatially homogeneous nematic structure. Mini-
mization of f yields:
∂f
∂Q
= aQ− bQ2 + cQ3 −G = 0 (31)
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where Q1 = f(G1, T1) and Q2 = f(G2, T2) are initial and final order parameter values,
respectively.
From
∆SN = ∆ST , (34)
we can conclude to self-consistent equation for final temperature:
T2 = T1 exp
− ao2Cp (Q
2(G2,T2)−Q2(G1,T1)) . (35)
The temperature change due to elastocaloric effect is defined as:
∆TeC = T2 − T1. (36)
In LCEs that exhibit a transition to the smectic phase, the additional smectic order
or energy reservoir has to be considered besides the nematic one. As the thermome-
chanical response in most smectic LCEs is rather small, the smectic order parameter
η is considered not to be directly coupled to the stress driving field, but indirectly via
the coupling to the nematic order parameter Q, as seen from the equations of state
∂f
∂Q
= aQ− bQ2 + cQ3 −G−Dη2 = 0 (37)
∂f
∂η
= αη − βηQ = 0. (38)
Owing to internal inhomogeneity and size-distributed domains in typical LCEs,
both parameters T∗ and G can be viewed as distributed. The above equation shows
the possibility to change the entropy of the LCE system by an external stress field
coupled to the nematic order parameter, hence the possibility to induce the significant
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eCE by exploiting much smaller changes in the stress field, in contrast to the shape
memory alloy wires. Indeed, in this thesis it is shown that the directly measured
magnitude of the eCE responsivity is ≈ 4 K MPa−1 [82] and is two orders of magnitude
larger than the average eCE responsivity of ≈ 0.04 K MPa−1 found in the best shape
memory alloys [85]. In addition, heat capacity of LCEs are approximately an order of
magnitude higher since cp of LCEs are in order of several J/gK, while the specific heat
capacity of most known SMA - Nitinol is proximately 0.32 J/gK. In addition, LCEs
are soft material and in some cases more suitable for applications.
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2 Experimental techniques and methods
In our work a variety of experimental methods were used in order to determine LC
phases and to characterize various materials used in sample preparation. To distin-
guish between different phases in the cholesteric liquid crystal CE8 and subsequent
mixtures with different NPs, high resolution calorimetry and polarized optical mi-
croscopy were used. Atomic force microscopy and small angle X-ray scattering were
employed to characterize some of the nanoparticles used in the study. Local surface
plasmon resonance measurements were used in order to probe metallic NPs, their ag-
gregation and anisotropy of nanoparticles and clusters. Elastocaloric measurements
were performed on the home-made measurement setup described below.
2.1 Overview of calorimetric methods
High resolution calorimetry is a useful technique for the precise determination of the
variations of the specific heat cp(T ) and the latent heat in the vicinity of phase tran-
sitions of the materials. The temperature dependence of the heat capacity Cp(T )
and/or the enthalpy H plays an important role in characterizing the type of phase
transitions that occur in condensed matter, i.e, can help to distinguish between the
first and second order phase transitions as well as to determine the type of critical
behavior [8, 11, 103]. In the past, several different calorimetric techniques with vary-
ing degrees of accuracy and precision have been developed, among them differential
scanning calorimetry (DSC) and traditional adiabatic calorimetry [8, 11, 104]. In addi-
tion, from the 1960 on, a variety of high resolution scanning techniques were invented.
Among them are adiabatic scanning calorimetry [105], ac calorimetry [106], relaxation
calorimetry [104, 107] and other special techniques, all well suited for liquid crystals
and other soft and solid materials in order to characterize their phase transitions and
reveal the critical behavior [8, 11, 108, 109].
Traditional adiabatic calorimetry is a classical method for measuring the total
entropy and heat capacity of the sample and sample cell by step-like addition of
small increment of heat. It is proven to be an important technique to distinguish
between the first and the second order transitions. In addition, from heat capacity
data one can obtain precise information on pretransitional heat capacity behavior [11].
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However, the disadvantage of using this technique is the requirement of a relatively
large sample, since the measured heat capacity contains the joined contributions of
the sample and cell heat capacities, with the latter being usually quite large [104]. In




where Qp is the known heat input of electrical energy and ∆T is a finite temperature
difference cause by Qp. Consequently, to achieve a good resolution, the scanning rate
or the step in temperature (∆T ) must be small, thus, making the method rather
tedious [8, 11].
Differential scanning calorimetry (DSC), on the other hand, overcomes the disad-
vantage of large sample mass of adiabatic calorimetry. In this technique, the difference
in the heat, required to increase the temperature of a sample and the reference sam-
ple is measured as a function of temperature. In this case, both the sample and the
reference are kept at about the same temperature throughout the experiment. This
method is sensitive for detecting small enthalpy changes of ≈ 0.01 J/g and requires
only small samples of around 10 mg. DSC is commonly used in characterization of new
materials with a fast and simple operational procedure using commercial instruments
with more or less flexible computer software. At first step it is an ideal technique,
useful for quick characterization of the sample, good to establish temperature ranges
of different phases and to discover new phase transitions. However, it is not useful for
precise measurements near the phase transitions or for obtaining the critical behav-
ior, since the fast scanning rates required do not allow for the sample being close to
equilibrium and, hence, they do not yield the precise shape of heat capacity anomalies
[8, 11]. Consequently, the technique works effectively for broad transitions (where
the sample is not pushed out of equilibrium) or for strongly first order transitions.
On the contrary, it cannot reliably distinguish between continuous and weakly first
order heat capacity anomalies [8, 11]. Its scanning rates cannot be set to be slower
than ≈ 0.1K/min in order to keep sufficient heat flow sensitivity, which is often the
problem, since thermodynamic equilibrium for many LC phases and glassy materials
requires slower scanning rates below 0.0035 K/min [8, 11].
The basic problem of DSC, i.e., the requirement of rapid scans and the main disad-
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vantage of adiabatic calorimetry, i.e, the need of large sample mass, are overcome in
combination of the most widely used high resolution methods ac (alternating current)
calorimetry and relaxation mode calorimetric measurement presented in section 2.1.2.
2.1.1 High resolution techniques: background
As common background for high resolution techniques, the necessary phenomenologi-
cal theory for extracting Cp and H values is a simple ˝zero-dimensional˝ model of the
thermal system consisting of a sample with a heat capacity Cp,sample and a heater. A
sample with the heater is connected to a temperature-controlled bath stabilized within
0.1 mK. This thermal link is presented by the thermal resistance R (Figure 19).
Figure 19: Shematic presentation of a zero dimensional model.
The zero-dimensional model of thermal analysis [103] can be used if the internal
thermal diffusion time τint of the sample is small enough and the temperature gradients
in the sample can be neglected. In contrast, in one dimensional models of thermal
analysis such internal gradients are taken into account [110, 111].
The internal diffusion time depends on thermal conductivity of the sample and its
geometry, i.e., its thickness, so for that reason thin silver cells were used. Taking into
account that τint is small compared to the time scale of data acquisition, the heat
leak through the gas and support wires to the thermal bath can be represented by
a single parameter, thermal resistance R, which is in our home-made calorimeter at
Jožef Stefan Institute ∼ 250 K/W.
Generally, the heat input power P = dW/dt is usually generated by a dissipating
electrical work in the system.
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+ T − TB
R
. (40)
Here P is a heating power of the heater, Csysp = Csamplep + Ccellp is the total heat
capacity of the sample and cell, T is the temperature of the sample, TB is the temper-
ature of the bath, dL = Ldm with L being the latent heat per gram of a first order
transition and dm is mass of the sample under study.




= P − (T − TB)/R
dT/dt
. (41)
On the other hand, an effective heat capacity in the presence of latent heat at a
first order transition is defined as:
Csysp, eff =
P − (T − TB)/R
dT/dt
. (42)





(Csysp, eff − [Cp(coex)− Cp(cell)])dT, (43)
where Cp(coex) is the heat capacity of the two coexisting phases denoted as phase
α and phase β, typically observed in a narrow temperature range from Ta to Tb. The
heat capacity at the coexistence region is then Cp(coex) = XαCp(α)+XβCp(β), where
Xα is the mass fraction of phase α and Xβ is the mass fraction of phase β. It states
that Xα +Xβ = 1 and Xα varies from 1 at Ta to 0 at Tb. In addition, the coexistence
range is usually narrow (∼ 50 - 100 mK), thus one can take Cp(α) and Cp(β) as
independent of T as Cp(α) = Cp(Ta) and Cp(β) = Cp(Tb). In this case latent heat
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Here, t1 and t2 are the times of appearance and disappearance of coexistence range
at coexisting temperatures Ta and Tb [8, 11].
The primary high-resolution technique is the adiabatic scanning calorimetry (ASC).
With ASC much greater resolution can be achieved in comparison with the traditional
adiabatic calorimetry. The important feature of the high resolution scanning calorime-
ter is a very precise control of a thermal shield and the high resolution measurements
of a sample temperature T (t)[8, 11]. The calorimeter is able to operate in several
modes during cooling and heating. The most attractive mode includes heating with
constant power (P = const.) and the shield temperature equal to sample temperature.










There are many other techniques that have been applied for studies of the Cp
behavior in liquid crystals, among them high resolution ac and nonadiabatic relaxation
calorimetry presented in next section.
2.1.2 High resolution ac calorimetry
The two other high resolution techniques are the ac calorimetry and relaxation calorime-
try and were first introduced in 1960 by Kraftmaker [106] and 1974 by Djurek [112],
respectively. Later, the nonadiabatic relaxation calorimetry was introduced by mod-
ifying the power signal to linear form and operating at nonadiabatic time scales by
taking into account heat losses to surrounding bath [103].
For our study home-made computerized calorimeter setup has been used, which
can operate in both ac and modified nonadiabatic relaxation mode. The ac mode
provides precise information about the temperature profile of the specific heat related
to the continuous enthalpy changes and only qualitative information related to the
first order nature of the phase transition. The relaxation mode, in contrast, detects
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also the discontinuous part of the enthalpy, i.e., the latent heat L, on the expense of
somewhat lower resolution.
The calorimetric setup consists of thermal bath, which includes two hermetically
sealed Cu blocks, the electronic devices: digital multimeter Keitley 2002 for data
acquisition (power and 500 kΩ thermistor resistance measurements), six decade resistor
and power source Krohn-Hite model 5920 for guiding heating power along with Lake
Shore temperature controller for setting and stabilizing the bath temperature to within
0.1 mK and a computer to control the setup (Figure 20).
Figure 20: (a) Home-made high resolution calorimeter at Jožef Stefan Institute. The
whole calorimeter setup consists of several electronic devices and thermal bath con-
taining (b) additional thermal bath chamber.
The sample of approximately 20 - 30 mg is mounted in the calorimeter in a cold-
welded silver cell with diameter 1 cm and depth approximately 0.1 cm. The thicknesses
of the silver cell lid and cup were 75 µm and 127 µm, respectively. On one side the
thin 120 Ω resistive heater that provides the input power is attached, while the sample
temperature TS(t) is detected by a small glass bead thermistor attached on the opposite
side of the sample as heater (Figure 21). Silver is used for making the cell due to its
unique combination of high thermal conductivity and low contact resistance. The
sample cell arrangement and mounting in the sample holder is shown in Figure 21.
The experiments can be done in the broad temperature range between 80 K and 470
K.
One of important advantages of ac calorimetry is that it can be used for relatively
small samples with masses around 10-100 mg and it can operate with enough slow
heating and cooling rates enabling high resolution Cp(T) profiles since the oscillating
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Figure 21: In left figure is the silver sample cell with attached heater (bellow) and
thermistor (above). Right is the sample cell mounted in the sample holder part of the
calorimeter.
temperature amplitude ∆Tac can be small, i.e., around 5 mK.
A disadvantage of this method is related to the fact that it is designed to measure
precisely the continuous variations in Cp and not the enthalpy H. Consequently, it
cannot measure quantitatively the latent heat in the case of the first order phase tran-
sitions. However, it can still provide a qualitative indication of two-phase coexistence
via anomalous phase shift of the signal T(t) [112].
In the case of ac run the bath temperature is sluggishly increasing (typically from
30-400 mK/h), while the heating power of thin resistive heater attached to the sample
is sinusoidal oscillating as
P = P0 cosωt+ P0, (47)
where ω is set such that ωτint  1 in order to avoid any temperature gradients inside
the sample and ωτext  1 to provide a weak thermal link between a sample and the
bath. τint is the characteristic internal time for the thermal diffusion in the sample
cell, while τext is the external thermal time, i.e., the characteristic coupling time to
the bath. The typical frequency value for our setup is ω = 0.0767s−1 [113].
In the steady state the system temperature is written as:
T (t) = TDC + Tac(t) = TB +RP0 + ∆Tac sin(ωt+ ϕ). (48)
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where τext = RCsysp is the external time constant for heat flow from the system to
the bath and ϕ is the phase shift between T(t) and P(t) since ϕ ≈ 0 when ωτext is
large (ωτext  1), which corresponds to the normal operating conditions. This results





The phase shift can be very useful in distinguishing between first and second order
transitions. In order to get the precise value of the sample’s heat capacity Cp, the mass
of all other components is measured and their Cp contribution is subtracted from the
total heat capacity derived by our experiments. [8, 11, 103].
2.1.3 Nonadiabatic relaxation calorimetry
The ac mode, as already mentioned, precisely measures the heat capacity as a function




However in order to provide quantitative information about the latent heat of the
transition, the relaxation mode is used, which is introduced below.
The important advantage of the relaxation mode is that it can detect rather small
latent heat (a few mJ/g) in samples with relatively small mass of 10-100 mg. This
is achieved on the expense of somewhat larger noise in Cp,eff (T ) data than in the ac
mode [8, 11, 103]. In relaxation mode the bath temperature is constant TB while the
heating power of thin resistive heater can be a step or a linearly ramped function of
time [8, 11, 103].
For a step power function, in the case of a heating run, the power is switched
from 0 at time t=0, to a constant value P0, and opposite for a cooling run. Solving
the Eq. 40 in the absence of latent heat it follows that the sample temperature T (t)
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profile is exponential for R and Cp taken as constants in the range from T (0) to T (∞).
Therefore, for the heating regime
T (t) = TB + ∆T∞ [1− exp(−t/τext)] , (53)
and for cooling regime
T (t) = TB + ∆T∞ exp(−t/τext). (54)
Here, TB represents the constant bath temperature and the change of temperature
at t → ∞ is ∆T∞ = RP0. τext = RCp is the external time constant related to the
heat flow from the sample to the bath. Usually, in the relaxation mode heating and
cooling runs are made consequently, first a cooling and then a heating run or vice
versa [8, 11, 103]. In the case that a first-order phase conversion takes place between





[C(t)− C0])Ṫ (t)dt. (55)




0, for t < 0
Ṗ t, for 0 < t < t1
Ṗ t1 = P0, for t > t1,
While temperature of the sample in this case is T = TB before the power is applied
and is increasing as:
T (t) = TB +RṖ (t− τext) + τextRṖ exp(−t/τext), (56)
to reach the constant value T (∞) = TB +RP0 at the t1, which is around 480 s for
our calorimeter.
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For cooling run the power profile is reversed:
P =

Ṗ t1 = P0, for t < 0
Ṗ t, for 0 < t < t1
0, for t > t1,
and the temperature is decreasing from T(∞) to TB in the end as:
T (t) = T∞ +RṖ (t− τext) + τextRṖ exp(−t/τext). (57)
From collected T(t) data points the effective heat capacity is then calculated:
Cp,eff (T ) =
dH
dT
= P − (T − TB)/RT
dT/dt
, (58)
where P is the power and T is the temperature at each time between start and the
end of power increasing, while the thermal resistance is RT = (T (∞)− TB)/P0.
As already mentioned above, the relaxation mode is needed in pair with ac mode to
detect latent heat if present, while this mode can detect continuous part of enthalpy
δH as well as the discontinuous part, i.e., the latent heat. The total enthalpy that is
determined in the relaxation mode is obtained from:
∆H =
∫
Cp,eff (T )dT. (59)
This so called ramp relaxation method is also called non-adiabatic scanning calorime-
try. In contrast to the previous relaxation technique with the power being a step
function, it allows a much better control of the TB and dT/dt to be much smoother
function, outside the coexistence range, being nearly constant [8, 11, 103]. The latent
heat can be determined using the combination of both ac and relaxation modes. It is
calculated as difference between the integrals expressed by Eq. 60 and Eq. 52 that
were determined experimentally in the relaxation and ac modes, respectively,
L = ∆H − δH. (60)
Hence, the dual mode high resolution calorimetry can provide information about the
type of the phase transition.
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2.2 Experimental techniques for characterization of nanopar-
ticles
The experimental techniques for characterization of NPs were small angle X-ray scat-
tering (SAXS) and atomic force microscopy (AFM). Other possible techniques for
characterization of NPs are Scanning Electron Microscope (SEM), Dynamic Light
Scattering (DLS) and Transmission Electron Microscopy (TEM) and were perform by
other researchers in their laboratories. The details can be found in [114, 115, 116].
SAXS measurements were performed at the Austrian SAXS beamline of ELETTRA-
Synchrotron Trieste [117]. An double-crystal monochromator and a double toroidal
mirror were used to produce a focused X-ray beam of 8 keV. Small Angle X-ray Scat-
tering is a non-destructive and highly versatile standard method to study the nanoscale
structure of any type of material. Parameters as the averaged particle sizes, shapes and
distributions can be obtained with nanometer precision. Materials can be solid, liquid
or even exhibit gaseous-like properties. Nanoparticles where suspended in toluene so-
lution at room temperature. A small volume of such suspension was inserted in Mark
Hilgenberg capillary tubes of 1.5 mm diameter.
Atomic force microscopy was performed at Jožef Stefan Institute in the laboratory
of Physics of Soft Matter, Surfaces and Nanostructures under the supervision of Miha
Škarabot. The nanoparticles initially suspended in toluene solution were dropped on
mica substrate and remained for sufficient time so that all toluene evaporated. Mica
substrate provided an extremely flat surface, which enabled to distinguish between
different single nanoparticles. The AFM measurement performed in tapping mode
was controlled and analyzed by a computer via NanoScope software.
2.3 Experimental setup for optical microscopy under cross
polarizers
Polarizing optical microscopy (under crossed polarizers) combined with home-made
highly sensitive temperature controller (± 0.01 K) was used to identify and distin-
guish different LC phases. Observations were made by a Carl Zeiss Jena polarized
microscope in transmission mode and the images were taken in real time with pixel-
fox imaging CCD camera and software. The cooling and heating scanning rates and
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temperature stability of the home-made sample holder were driven by a Lakeshore
304 temperature controller. Different types of glass cells with no special surface treat-
ment, with homeotropic treatment or uniform planar treatment were made. Such glass
treatments were used to induce the desired LC molecular orientation close to the glass
surfaces (Figure 22). In the case of the homeotropic glass treatment the molecules are
Figure 22: Alignment of LC molecules at planar (left) an homeotropic glass cell (right).
oriented with their long axis perpendicular to the glass surface (Figure 22). To achieve
homeotropic alignment, the glass plates were coated by a silane surfactant. Here, the
clean glass plates were dipped in x = 0.02 solution of silane (Octadecyldimethyl(3-
trimetoxysilypropyl) ammonium chloride) in distilled water for 5 minutes, then washed
with distilled water and dry out with nitrogen gas.
In the case of uniform planar glass treatment, the long molecular axis is not only
oriented in the plane parallel to the glass surface, but is also pointing along a preferred
direction (Figure 22). To achieve planar alignment the glass substrate was covered
by the very thin, rubbed polymer (PI-polyimide - Nissan Polyimide Varnish Sunever)
layer. The PI-polyimide covered glass was subsequently rubbed by the use of a velvet
cloth. Rubbing a polymer film gives rise to grooves, which cause the director to be
aligned along the preferred direction [118]. However, the BPs has the advantage of
lack of alignment layer, typically needed in liquid crystal display technology, to guide
the alignment of LC [119]. In this thesis different types of surface preparations were
used, but the BP textures remained the same in all cases.
Two of treated glass plates separated by a 12 − 20 µm thick spacer were sticked
together enveloping a mixture of LC and nanoparticles in between (Figure 23). The
mixture was first remelted into the isotropic phase and then the cell was pressed
together and the glass plates were glued to seal the cell.
When observing the images of POM measurements, the foggy blue color texture is
the indication of the amorphous BPIII [118], while the BPI is seen as platelet texture
of different blue, green, even red and orange. The different colors observed correspond
to different lattice planes [118].
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Figure 23: Schematic presentation of LC mixture inside the glass cell, made for POM
experiments.
2.4 Localized surface plasmon resonance measurements
The word plasmon corresponds to the quantum of energy associated with an eigenfre-
quency of a plasma oscillation and plasma is a gas where electric charges are free to
move under the influence of electromagnetic or gravitational forces. Localized surface
plasmon resonance (LSPR) is the technique for observing the metal NPs, as it observe
the resonant oscillations of conduction electrons at the interface between negative and
positive permittivity material (metal-air) stimulated by incident light. Surface plas-
mons are considered if the object of observing is a nanoscale object or a very thin
film as in this cases, the surface becomes more important compared to the volume.
Localized surface plasmons concern metallic NPs and nanostructures as local objects
[120].
Localized surface plasmon resonance measurements and data analysis were carried
out by using an Ocean Optics Maya 2000 Pro Spectrometer at the Jožef Stefan Insti-
tute, Ljubljana, Slovenia, under the supervision of Brigita Rožič. The spectrometer
was used in a transmission mode samples mounted in a Carl Zeis Jena rotating mi-
croscopy stage. The spectrometer was coupled to the sample holder via an optical
fiber that could probe a sample area of about 50 x 50 µm2. The extinction spectra
were taken at various points of the sample surface in wavelength range between 200
nm to 1200 nm. Due to artifacts at lower wavelength the data were used only above
400 nm. LSPR measurements can provide us an information about the aggregation of
nanoparticles in clusters, moreover, about the anisotropy of nanoparticles’ clusters.
2.5 Experimental setup for elastocaloric measurements
For elastocaloric measurements a home-made setup was constructed, which allows
stress-driven experiments [98] in which the length, strain and the temperature of the
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sample can be measured simultaneously.
A LCE bulk material was typically cut in stripes of length l0 ranging from few mm
up to several centimeters. Such samples were attached on each side with a Kapton tape
on a thin glass holder. A glass thermistor was attached to the sample by a glue Loctite
Hysol 1C or contact rubber glue directly to the LCE stripe in order to measure the
precise temperature variations of a LCE sample (see Figure 24). The resistance of the
thermistor was accurately (±0.1 Ω) measured by a Keithley 2001 digital multimeter
(DMM). All masses involved in heat exchange were measured accurately (±0.1 mg)
so that their influence can be later taken into account in eCE data analysis.
Figure 24: LCE sample is attached with Kapton tape to two glass holders. Denoted
by an arrow is the small bead thermistor directly attached to the LCE sample.
The so attached LCE was put inside a Cu block with the attached heater, which
assures precise stabilization of temperature together with the LakeShore 304 tem-
perature controller. Typically, a stabilization of the bath temperature of 1 mK was
achieved. On one side the glass holder was mounted to the translator while on the
other side to the gram sensor. The precision gram sensor, capable to measure tensions
and compressions, was used to measure the strains within the LCE sample.
The data from the digital multimeter, translator and gram sensor were collected
by a computer, which also enables the control of all parameters of the experiment.
The translator movements
At each measurement of the elastocaloric effect the sample is stretched with precise
translator for ∆l. This stretching is not performed instantaneously, but in a special
sequence of finite-time movements. First, the translator after receiving the triggering
signal from the computer accelerates with acceleration of a =1 mm/s2 until it reaches
the half of the length distance of the predefined sample stretching (l1 = ∆l2 ) at t = t1,
then immediately deceleration is performed with a = -1 mm/s2. Thus,
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Figure 25: Measurement setup for elastocaloric measurements (left) with the insight
into the Cu block (right).
∆l =

0, for t < 0
at2
2 , for 0 < t < t1
l1 + v(t− t1)− a(t−t1)
2
2 , for t1 < t < t2
l1 + l2, for t > t3
(61)







l2 = v(t2 − t1)− a(t2−t1)
2
2 ,
and v = at1.
Here l1 is the distance traveled by the translator within t1 and the l2 is the distance
that translator made in the time from t1 to t2. It should be noted that l1 + l2 = ∆l.
Since the translator movements take some time, the stress field is not applied to
the sample instantaneously, but in corresponding time sequences that need to be taken
into account during the data analysis described in section 4.2.1.
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3 Stabilization of cholesteric blue phases by nanopar-
ticles
3.1 Materials’ properties
Several mixtures of CE8 and various NPs were prepared in the laboratory for calorime-
try at IJS. In particular, spherical CdSe, CdSSe and Au nanoparticles, platelet NPs
such as laponites, graphene and MoS2 nanoparticles, and gold nanorods (GNRs) were
used.
All nanoparticles were synthesized by Vassilios Tzitzios, Institute of Materials Sci-
ence, National Centre for Scientific Research “Demokritos,” Aghia Paraskevi, Greece,
except the nanorods, which were synthesized in the group of T. Hegmann at Kent
State University, USA. Typical properties such as shape, size, and functionalization
or coating are presented in Table 1 and in Figure 26.
Material Coating Shape Diameter (2R) Thickness
Graphene OA platelet 50 nm 3-5 nm
Graphene OA+CoPt platelet 50 nm 3-5 nm
MoS2 OA platelet 10 nm 1 nm
Laponite CTAB platelet 25 nm 1 nm
CdSSe OA, TOP spherical 3.5 nm
Au OA spherical 10 nm
CdSe OA, TOP, PVP spherical 3.5 nm
Au MPS-Chol-silane rods 50 nm (length) 12 nm (width)
Table 1: Table of nanoparticles material, coating and shape dimension.
Oleyil amine (OA), trioctyl-phosphine (TOP), polyvinylpyrrolidone (PVP), cetyl
trimethylammonium bromide (CTAB) are flexible polymer molecules that were used
in functionalization of NPs, as seen in Table 1, to prevent aggregation and improve
the adaptivity of NP to defect cores. OA are organic, hydrophobic compound with
the formula C18H35NH2 and are with N strongly covalently bonded on the Cd part of
the nanoparticles surface. TOP molecules are an organophosphorus compound with
the formula P(C8H17)3 and are with P covalently bonded on the Se atoms. The main
difference between cores of CdSe and CdSSe is the presence of Sulfur (S) in CdSSe.
Sulfur is expected to yield a higher concentration of TOP molecules at the surface
of CdSSe NPs in contrast to CdSe NPs, since P in TOP forms even stronger σ cova-
47
STABILIZATION OF CHOLESTERIC BLUE PHASES BY NANOPARTICLES
Figure 26: The schematic presentation of nanoparticles used in our research.
lent bond with S, then with Se. With help of OA and TOP molecules attached on
CdSe and CdSSe NPs, they are highly soluble in non-polar solvents such as hexane,
toluene and chloroform. PVP is a water-soluble polymer made from the monomer N-
vinylpyrrolidone. PVP chains only weakly interact with the functionalized NP surface
by forming hydrogen bonds with the NH2 groups of OA and some residual quantity
of free PVP chains is present in the solution. It is a morphogenetic agent for the
formation of cylindrical objects and one-dimensional nanostructure [121]. So, PVP
molecules were used since they are expected to help formation of cylindrical defect
structures and by assembling in defect cores help the DCR mechanism. CTAB with
chemical formula [(C16H33)N(CH3)3]Br was used as surfactant physisorbed to the
surface of the nanoparticle and lowering its surface energy. It help to prevent NP
aggregation via DLVO mechanism (i.e. combined effect of van der Waals and dou-
ble layer force) [122]. MPS-Chol-silane are cholesterol-silane siloxane-conjugated on
MPS ((3-Mercaptopropyl)trimethoxysilane) and are absorbed on Au nanorods to pre-
vent aggregation. The siloxane-conjugation reaction starting from the in-situ prepared
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MPS-coated GNRs most likely leads to ligand shells. The reaction has two steps in
the process. The hydrolysis is followed by condensation catalyzed by acidic conditions
(after addition of small amounts of aqueous HCl). The CH3O—Si groups of MPS and
Chol-silane hydrolyze and subsequently condense to form the —Si—O—Si— network
[123]. CoPt are cobalt–platinum crystal quantum dots attached to graphene NP and
used to effectively enlarge graphene NP surface, which results in better functionaliza-
tion of graphene NPs.
The mixtures of LC CE8 and nanoparticles were prepared by well-known mixing
protocol [31, 124, 125] in small vial by using a hot stage equipped with magnetic
stirring. A small mass of CE8 (mLC ≈ 100 − 200 mg) was heated into isotropic
phase in which stirring at 300 rpm started. Then pure toluene was added and after
several minutes of mixing the nanoparticles dispersed in toluene were also added to the
mixture. The NPs were stored in toluene in order to prevent aggregation. The added
mass of NPs (mNP ) was chosen so that the desired concentration χ was achieved. In
the case of Au nanorods apart from toluene, chloroform was also used in all steps.




where mNP and mLC are the masses of nanoparticles and liquid crystal, respectively.
A continuous mixing, combined with magnetic stirring, was performed for several
hours until toluene (and chloroform in the case of GNRs) completely evaporated. In
order to ensure that any possible trapped bubbles of toluene would be expelled, the
mixture was put under vacuum pump for 1-2 hours. At the end the mixture was
loaded in small silver cells for heat capacity study as described in section 2.1 or in
glass cells for polarized microscopy studies as described in section 2.3.
3.2 Blue phases in pure chiral liquid crystal CE8
CE8 is a strongly chiral liquid crystal compound S-(+)-[4-(2’-methylbutyl) phenyl 4’-
n-octylbiphenyl-4-carboxylate] (denoted sometimes in literature as 8SI*) [126]. It was
purchased from Merck and used our measurements without any additional treatment.
On cooling, it exhibits the following phase sequence [31, 32, 127]:
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I 417.5−−−→ BPIII 416.25 K−−−−−→ BPII 415.55 K−−−−−→ BPI 412.5 K−−−−→ N* 401.1 K−−−−→ SmA* 358.0 K−−−−→
SmC* 340.2 K−−−−→ I* 338.2 K−−−−→ J* 336.5 K−−−−→ G* 313 K−−−→ Cr
Figure 27: The specific heat cp(T ) of pure CE8 compound obtained by the ac calorime-
try in cooling run [32].
Here, Cr is crystal phase, while I*, J*, G* are different types of hexatic phases,
which are similar to smectic phases with additional local positional hexagonal ordering
of molecules within the smectic layers.
Heat capacity results
In Figure 27 the specific heat cp temperature profile measured on cooling from isotropic
to SmA phase is presented. Each cp anomaly represent the phase transition from one
to another liquid crystal phase, where sharp heat capacity anomalies and the existence
of pretransitional wings in the specific heat peaks are indication for weakly first order
phase transitions. The phase transitions involving BPs are expected theoretically to be
first order, except for the BPI-I transition in which case a first order line can terminate
at an isolated critical point [108]. The results show that the LC CE8 exhibits all three
BPs, with the transitions among them being at temperatures TI−BPIII = 417.5 K,
TBPIII−BPII = 416.25 K, TBPII−BPI = 415.55 K and TBPI−N∗ = 412.5 K. It follows
that BPs are stable in temperature ranges of 1.25 K for BPIII, 0.7 K for BPII and
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3.05 K for BPI. The pure CE8 specific heat data were taken from previously published
measurements by Rožič et al. [32] that have been performed on the CE8 of the same
batch.
Polarized optical microscopy results
POM observations were performed in order to observe the textures of BPs of CE8 un-
der cooling. As known from calorimetric measurements, CE8 exhibits all three BPs,
i.e., the CE8 goes from isotropic phase to BPIII, then to BPII and finally to BPI,
from where it converts to N*. The POM figures (Figure 28) obtained by George Cor-
doyiannis in University of Athens (laboratory of Prof. Ioannis Lelidis). The textures,
presented in Figure 28, reveal a foggy blue color and a platelet mosaic characteristic
of BPIII and BPI, respectively.
Figure 28: The POM figures of a foggy blue color of BPIII (a) and a platelet mosaic
BPI at higher temperature (b) and lower temperature (c) of pure chiral LC CE8 upon
cooling.
As confirmed by microscopic textures, the thermal signatures appearing in the cp
(T) profiles are assigned to I-BPIII, BPIII-BPII, BPII-BPI, BPI-N* and N*-SmA*
(Figure 27).
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3.3 Stabilization of blue phases by spherical nanoparticles
In previously mentioned researches by Karatairi et al. [31] and Rožič et al. [32] the
CdSe NPs with OA and TOP functionalization were used in mixtures with CE8. In
order to study the impact of the NPs core composition, different types of functional-
ization and density of the functionalization on the BPs stabilization, mixtures with
CdSSe and Au spherical nanoparticles were prepared. The addition of Sulphur to
CdSe leads to NPs with more dense functionalization, i.e., with NPs that are more
densely covered by OA and TOP molecules. In the case of Au nanoparticles, the
impact of more dense and larger NPs on BPs stabilization is studied. The mixtures
with CdSSe and Au NPs were prepared by Maja Trček during her investigations of
stabilization of TGBA phase [114, 115, 128]. In addition, the mixtures of CE8 with
CdSe NPs additionally functionalized by polyvinylpyrrolidone (PVP) were prepared.
The impact of these NPs on stabilization of BPs is analyzed in this section.
3.3.1 Stabilization of blue phases by spherical CdSe nanoparticles with
additional PVP functionalization
In this subsection the mixtures of CE8 and same spherical (2R= 3.5 nm) CdSe NPs as
used in studies of Karatairi et al. [31] and Rožič et al. [32] ], but with the addition of
PVP functionalization are investigated. More about synthesis of NPs and preparation
of mixtures with CE8 can be found in previous subsection 3.1 and in [31, 32].
Heat capacity results
In Figure 29 the temperature profile of specific heat cp(T ) obtained by the high res-
olution ac calorimetry is presented for sample of CE8 with χ=0.02 CdSe NPs with
addition of PVP functionalization. The cp(T ) data were taken upon cooling and heat-
ing from the isotropic to SmA* phase and back with a scanning rate of 250 mK/h.
Calorimetric runs confirm that the phase sequence and the range of the aforemen-
tioned phases are reproducible and, hence, thermodynamically stable, upon heating
and cooling. The two specific heat anomalies that are present in the displayed range
supposedly represent the transitions from SmA* to N* and from N* to BP. On the
low temperature slope of the specific heat anomaly the shoulder-like feature possibly
indicates a TGBA region [116, 128]. In addition on the high temperature pretransi-
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Figure 29: The specific heat cp(T ) of CE8 (a) and CdSe NPs functionalized with
addition of PVP to OA and TOP for χ=0.02 is presented upon cooling (b) and heating
(c) [129].
tional wing of the specific heat another shoulder-like feature indicate the two possible
scenarios. Either this is indication of another BPs region (most possibly the BPI) of
approximately 1 K wide temperature range or it could mean a non-constant conver-
sion rate between the two phases temperature range. This will be revealed by POM
measurements. In AC measurements upon heating sometimes the isotropic to BPs
phase transition is not visible because of nearly strong first order character in CE8.
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In contrast to other highly chiral compounds like CE2 in which I-BPIII transition
becomes supercritical [18, 130].
Polarized optical microscopy results
To reveal the question of presence either one or two BPs and the nature of these
phases, the textures were carefully examined under POM. In Figure 30 the blue foggy
texture of BPIII and the platelet texture of BPI were observed. In the right figure
appearing N* phase texture can be observed indicating that specific heat anomaly
visible in the calorimetry measurement is indeed the sign of another BP, i.e., BPI.
Figure 30: The POM figures of BPIII (a) and BPI with N* appearing at bottom right
corner of (b) for CE8 and CdSe NPs with additional PVP functionalization upon
cooling [129].
3.3.2 Discussion of results obtained in mixtures of CE8 and CdSe nanopar-
ticles with additional PVP functionalization
Specific heat data in combination with POM observations demonstrate that CdSe NPs
functionalized with OA, TOP and PVP stabilize the disordered BPIII and suppress
the more ordered BPII and BPI. Actually, BPII is totally suppressed already for
concentration of χ=0.02. Similar observations were reported previously for the case
of CdSe NPs functionalized by OA and TOP [31, 32].
3.3.3 Stabilization of blue phases by spherical CdSSe nanoparticles
The Cadmium Sulfide Selenide (CdSxSe1−x for x=0.5 or simply CdSSe) NPs have
been prepared and atomic force microscopy measurements yielded a diameter value of
3.4 ± 0.3 nm. The surface of NPs was treated with flexible chains of OA and TOP
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[114, 129]. Semi-conductive CdSSe quantum dots have a slightly larger size than the
CE8 molecules. Similar quantum dots, i.e., CdSe nanoparticles were used in a previous
studies by Karatairi et al. [31] and Rožič et al. [32]. The main difference between
cores of CdSe and CdSSe is the presence of Sulfur in CdSSe. Sulfur is expected to
yield a higher concentration of OA molecules at the surface of CdSSe NPs in contrast
to CdSe NPs, since OA can bind to Cd and S. However, the size of nanoparticles is
nearly equal and the binding of TOP molecules is similar, since TOP molecules bind
preferentially only upon Se. Therefore, CdSSe NPs can be used to test the impact of
functionalization density on the BPs stabilization.
The details of mixing procedure were same as described in the previous subsection
3.3.1.
Heat capacity results
In Figure 31 the temperature profiles of the specific heat cp(T ) for pure CE8 and two
mixtures of CE8 and CdSSe NPs for χ=0.01 and χ= 0.05 are presented. The cooling
rate in ac calorimetry measurements was 250 mK/h.
The results in Figure 31 show smeared and broaden the specific heat anomalies due
to the presence of CdSSe in both mixtures. In the case mixture of CdSSe concentration
of χ=0.01 the sharp specific heat peak clearly exhibits a shoulder-like feature on the
high temperature slope of the heat capacity anomaly. This feature can indicate a
small BPI region or a non-constant conversion rate between the two phases due to the
complex kinetics of the domain growth. Due to resolve this issue POM observations
were carried out. In the case of concentration of NP χ = 0.05 again the phase transition
I-BPIII on the heating is not visible. This issue is explained in 3.3.1.
Polarized optical microscopy results
The POM measurements of CE8 and χ=0.01 of CdSSe NPs upon cooling with rate
of 0.2 K/min were made to find out, whether only one or two BPs are present in the
sample and which ones. Figure 32 shows the foggy blue color of BPIII appearing in
the isotropic phase and the N* appearing at the top left corner inside the BPI.
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Figure 31: Specific heat cp(T ) as a function of temperature obtained by ac calorimetry
is shown for two mixtures of CE8 and CdSSe nanoparticles with χ = 0.05 and 0.01.
The heating run for the mixture with 0.05 is included to show that BPs range upon
heating and cooling is reproducible [129].
Discussion of results obtained in mixtures of CE8 and CdSSe nanoparticles
In analogy with the case of CdSe NPs [31, 32], the CdSSe spherical quantum dots
stabilize again more efficiently the disordered BPIII phase as demonstrated in the
concentration-temperature phase diagram χ − T shown in Figure 33 [129]. However,
at concentration χ=0.01 small range of BPI is still present.
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Figure 32: The POM figure of CE8 and χ = 0.01 of CdSSe NPs upon cooling. Figures
show the BPIII appearing in the isotropic phase (a) and N* appearing in the top left
corner inside the BPI (b) [129].
Figure 33: The phase diagram χ − T of CE8 and CdSSe NPs mixtures as obtained
upon cooling. The dotted lines serve only as guides to the eye. The T ∗ denotes the
temperature of the isotropic to BPIII phase transition [129].
3.3.4 Discussion of results obtained in experiments on CE8 and spherical
nanoparticles with different density and type of functionalization
The ac calorimetry measurements in Figure 29 show that the addition of PVPmolecules
to OA and TOP molecules on the surface of CdSe NPs has no significant impact on the
stabilization of BPs. The total range of blue phases with addition of PVP decreases
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from 12.9 K measured in mixture with CdSe NPs with OA an TOP functionalization
[31, 32] to 8.6 K for mixture of CdSe NP with OA, TOP and PVP and concentration of
χ = 0.02. However, in the case of NPs with PVP, mostly the BPI range gets narrower,
from 3.75 K for CdSe without PVP, to 0.7 K for CdSe with PVP. The range of BPIII
is not significantly reduced.
The results of ac calorimetry in the case of mixtures with CdSSe NPs (Figure
31 and Figure 33) show that the stabilization of BPs in mixtures with CdSSe NPs
was not significantly better than in mixtures with CdSe, but rather similar for small
concentrations and slightly narrower for more concentrated samples. In CdSSe samples
the BPI disappears already at the concentration of χ = 0.05. In contrast to CdSe NPs
mixtures in which for χ = 0.05 the BPI phase was still present.
The fact that the improved functionalization of both CdSSe and CdSe did not
improve stabilization of any BPs is probably related to the slower kinetics of nanopar-
ticles segregation. Specifically, the quantum nanodots with denser functionalization
behave as NPs in apparently more viscous medium and thus need more time to drift
a particular distance, i.e., it is more difficult for them to reach the defect core. With
other words they are more miscible with pure LC and have reduced tendency to go in
the defect core. Nevertheless, the stabilization mechanism of BPIII in mixtures with
improved functionalization is the same as found in the case of CdSe without improved
functionalization [31, 32], i.e., the defect core replacement mechanism introduced in
the subsection 1.2.2. As the efficiency of this mechanism is directly related to the
density of the NPs in the defect core, it is plausible that the improved density of
functionalization will reduce the density of NPs in the defect cores, hence the lowered
efficiency of BPs stabilization by NPs with improved functionalization. As it is evident
from I-BP temperature transition shifts, spherical NPs shift I-BP transition to lower
temperatures. This is evidence for additional disorder caused by spherical NPs related
to the elastic energy part. Such case is more helpful in stabilization of BPIII phase,
which is disordered BP phase with local symmetry same as isotropic phase [18].
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3.3.5 Stabilization of blue phases by spherical gold nanoparticles
In the very first experiment of NPs doping in the LC exhibiting the BPs, gold NPs
with a mean diameter of 3.7 nm were used by Yoshida et al. [29]. The pure LC sample
used in their research exhibits only BPII and BPI, without BPIII. It is noteworthy
that the clearing temperature in nanoparticle-doped sample was decreased by more
than 11 K and that the nanoparticle-doped sample only exhibited single BP instead
of BPII and BPI as in pure LC. Also no functionalization of NPs was mentioned in
that work.
The size distribution of spherical Au NPs used in our research has been measured by
means of dynamic light scattering and scanning electron microscopy [115, 131]. The
results from both methods are in good agreement, yielding an average diameter of
≈ 10 nm. The surface of NPs was coated by flexible OA molecules. So prepared
particles were used in order to investigate how larger, heavier spherical nanoparticles
with denser metallic golder core stabilize the BPs. It should be noted that the size of
Au NPs was similar to the size of platelet shaped MoS2 NPs. As the functionalization
of both spherical Au and platelet MoS2 is the same, it allows us the testing of the
NPs’ shape impact on the stabilization efficiency of BPs, which is described later in
the section 3.4.1. Several mixtures with Au NPs with concentration of χ = 0.0005,
0.002, 0.02 were prepared following the procedure described in section 3.1.
Heat capacity results
In figure 34, the specific heat temperature profiles determined by ac calorimetry for
pure CE8 and three mixtures of CE8 and gold NPs are presented. The cp(T ) data
were taken on cooling the sample from isotropic down to SmA* phase with a scanning
rate of 250 mK/h. Similar to what was observed for pure CE8, the three mixture con-
centrations χ= 0.0005, 0.002, 0.02 exhibit a substantially different thermal behavior.
The specific heat peaks denoting the phase transition from BPIII to BPII and BPII
to BPI in pure CE8 vanished in the case of the presence of gold NPs. This indicates
that only the BPIII remains as confirmed later by POM measurements. It is clearly
seen that the presence of Au NPs smears the transitions from isotropic to BP and BP
to N*. The temperature profile of the specific heat cp(T ) for three mixture concentra-
tions χ = 0.0005, 0.002, 0.02 demonstrates increase of the BP temperature range with
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Figure 34: Results of ac calorimetry measurements of mixtures of CE8 and different
concentrations of spherical Au NPs. The temperature profiles of the specific heat cp(T)
for pure CE8 and the three mixtures of CE8 with spherical Au NPs throughout BPs
are presented [131].
increasing χ. While all phase transitions from BP to isotropic are shifted to higher
temperatures, in the specific heat result for χ = 0.002 there was no indication of I-BP
phase transition, which can be explained in a way similar to what was presented in
subsection 3.3.1.
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Polarized optical microscopy results
The POM measurements show that the the remaining BP in the mixture of CE8 with
gold NPs is BPIII and is actually stabilized in an increasingly wider temperature range
with increasing χ.
Figure 35: The POM figures of BPIII appearing in the isotropic phase (a), BPIII (b)
and nematic appearing in BPIII (c) of CE8 and χ = 0.02 of spherical gold NPs upon
cooling [131].
In Figure 35 the foggy blue color texture is observed as indication of BPIII. Later
becomes more intense and greenly and at the end the N* texture appears.
Discussion of results obtained in mixtures of CE8 and spherical Au nanopar-
ticles
Based on the above calorimetric and POM measurements the phase diagram χ − T
of pure CE8 and its mixtures with gold NPs is presented upon cooling in Figure 36.
The phase diagram χ− T of mixtures with Au NPs is rather similar to those of CdSe
and CdSSe NPs demonstrating an extended stabilization of BPIII and rather fast
suppression of BPI and BPII phases with increasing χ (already for χ = 0.005, BPI
and BPII disappear) [131].
The Au NPs observed in the experiments by Yoshida et al. [29] are smaller than
our Au particles and are not functionalized. However, the decreased clearing point to
more than 11 K can be connected by the fact that the small spherical NPs stabilize
the less ordered phases in this case the isotropic, since the BPIII is not present even in
their pure sample. The second fact observed in their measurements - that in the pure
LC two BPs are observed, while in the NPs-doped sample only one BP is observed -
is a good indication that BPII is suppressed in all samples with spherical NPs. While
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Figure 36: The phase diagram χ− T of pure CE8 and its mixtures with spherical Au
NPs upon cooling. The dotted lines serve only as guides to the eye. T ∗ denotes the
transition temperature from isotropic to BPIII phase [131].
in Yoshida et al. the BPI is stabilized in a wider range, in our samples with CE8 even
BPI is suppressed, probably due to better stabilization of BPIII.
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3.3.6 Discussion of results obtained in experiments on CE8 and spherical
nanoparticles with different size and core composition
As already mentioned, the Au NPs have larger core diameter (2r = 10 nm) than the
previously described CdSe [31, 32] and CdSSe NPs (2r = 3.5 nm). The character
and temperature range of BPs stabilization is essentially similar than those observed
in mixtures with quantum dots. In the case of Au NPs, the more ordered BPI and
BPII appear to be totally suppressed at smaller concentrations of NPs than in the
case of quantum dots. Spherical Au NPs still preserve isotropic symmetry within their
vicinity and work as stabilizing agents for amorphous BPIII with local symmetry same
as in isotropic phase. However, it appears that in general the same DCR mechanism
is prevalent also in mixtures with Au NPs. Another interesting thing is that for
small spherical NPs the temperature of isotropic to BPs phase transition decreases or
remains at the same temperature, while in the case of larger spherical gold NPs the
transition temperature is increased. The shift of TI−BP is related to the interplay of
several mechanisms. First one is DCR mechanism that imposes an increase of TI−BP .
Nevertheless, this mechanism is less efficient when sample is approaching to the TI−BP ,
where the correlation length attains its maximum value and the volume occupied by
defects is larger. The increasing of TI−BP becomes more effective with larger particles.
The second mechanism is the elastic distortion induced by the NPs and imposes the
opposite tendency, i.e., decreases TI−BP . The last mechanism reduces the fluctuation
of disclination lines due to the assembling of heavy NPs such as spherical Au within
the defect cores or their vicinity.
3.3.7 Discussion of results obtained in experiments on CE8 and spherical
nanoparticles
All investigated spherical NPs exploiting the spherical Au and CdSSe nanoparticles in
CE8 demonstrate stabilization of the disordered BPIII phase. As already mentioned
this is due to the fact that spherical NPs still preserve isotropic symmetry within their
vicinity and work as stabilizing agents for amorphous BPIII with local symmetry same
as in isotropic phase and do not stabilize the more order BPI and BPII. Smaller spher-
ical NPs with diameter of 3.5 nm and different amount and type of functionalization
suppress the BPI in smaller measures, while the larger Au NPs, with diameter 10 nm
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and similar functionalization suppress BPI totally already for χ = 0.005. Additionally,
all spherical NPs suppress BPII already for χ = 0.005 in mixture with Au NPs and
χ = 0.01 in mixture with CdSSe NPs.
It can be concluded that in general larger amount of functionalization on NPs does
not affect the whole range of BPs stabilization. However, in the samples with more
functionalized NPs, the range of ordered BPI is decreased, which indicates that the
functionalization imposes disorder in the samples and thus favor the stabilization of
less ordered BPIII in expense of decreasing the range of more ordered BPI.
With increasing the size of the NPs the BPI is more suppressed and the transition
from I to BPs takes place at higher temperatures. This is in a good agreement with the
theoretical observations of two opposite mechanisms, i.e., increase of TI−BP due to the
DCR mechanism and decrease of TI−BP as a consequence of the elastic contributions.
For larger NPs the former prevails the latter.
For future work the comparison for large concentrations should be done, where it
is assumed that more concentrated samples of additionally functionalized particles,
like in the case of CdSe NPs, can be achieved.
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3.4 Stabilization of cholesteric blue phases by platelet nanopar-
ticles
In order to observe how the shape of NPs affects the stabilization of BPs, three types
of platelet shaped NPs were dispersed in CE8. First, the result obtained on mixture
with platelet MoS2 NPs is presented, since these nanoplatelets had similar size and
functionalization as Au spherical NPs, thus allowing us to test the impact of the NPs’
shape directly. Then the progressively larger laponite and graphene nanoplatelets used
in mixture with CE8 are presented. Last, the graphene NPs were additionally func-
tionalized with CoPt to observe how such an enhanced functionalization is changing
the nature of BPs stabilization.
3.4.1 Stabilization of cholesteric blue phases by MoS2 nanoplatelets
The mixture of CE8 and χ = 0.02 of molybdenum disulfide MoS2 coated with OA was
prepared [132] by using the identical mixing protocol as described in 3.1. The average
diameter of platelet structure was observed by SAXS measurements and it is in the
order of 10 nm, while their surface is functionalized with hydrophobic and flexible
OA molecules [132]. Hence, in the radius size and functionalization, MoS2 NPs are
comparable to spherical gold NPs presented in section 3.3.5.
Heat capacity results
In Figure 37 the specific heat obtained by high resolution ac calorimetry is presented
as a function of temperature. The cp(T) data were taken upon cooling from the
isotropic to SmA* phase with cooling rate of 150 mK/h. The temperature profiles
of specific heat nicely demonstrate that the addition of MoS2 nanoparticles has a
rather significant impact on the phase transition behavior of CE8. The signature of
I-BP transition (TI−BP ) is observed here slightly (∆TI−BP = 1.3 K) shifted to higher
temperatures with respect to pure CE8. The specific heat peaks related to phase
transitions from BPIII to BPII and BPII to BPI in pure CE8 vanished in the presence
of MoS2 NPs. The total BP range is thus increased from 5 K in pure CE8 to 9 K
due to addition of MoS2. Calorimetric runs on cooling and heating seen in Figure
37 confirm that the phase sequence and the range of the aforementioned phases are
reproducible upon heating and cooling. In order to identify which BPs were actually
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Figure 37: The temperature dependence of cp(T ) for pure CE8 and mixture of liquid
crystal CE8 with χ = 0.02 of MoS2 upon cooling (b) and heating (c) [132].
stabilized, the POM measurements were performed.
Polarized optical microscopy results
The POM images for mixture of CE8 and MoS2 nanoparticles with χ = 0.02, presented
in Figure 38, reveal that the only BPI was observed with the characteristic platelet
texture in contrast to the case of spherical NPs, where the BPIII was mostly stabilized.
The evolution of platelet textures of BPI is shown at different temperatures in panels
(a), (b) and (c). The appearance of nematic domains can be observed in panel (d).
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Figure 38: The images of microscopy under cross polarizers for mixture of CE8 with
χ = 0.02 of MoS2 nanoparticles. The evolution of platelet textures of BPI is shown
on temperature decreasing in panels (a), (b) and (c), respectively. Appearing nematic
domains can be observed in panel (d) [132].
Discussion of results obtained in mixtures of CE8 and platelet MoS2 nanopar-
ticles and experiments on CE8 with gold nanoparticles with the same size
and functionalization but different shape
The POM and calorimetric results show wider BPI range and higher BPI-N* and N*-
SmA* phase transition temperatures. They indicate that the addition of MoS2 NPs
makes the mixture more compatible to the body-centered cubic structure of BPI. The
total range of BPI is increased from 3.05 K in pure CE8 to 9 K in the mixture, while
the BPII and BPIII phases are totally suppressed.
The study of anisotropic MoS2 NPs spherical gold NPs, with the same radius
size and functionalization presented in section 3.3.5 suggests that the geometry plays
an important role in the stabilization of different BP structures. The spherical gold
NPs stabilize only the disordered BPIII, while the MoS2 NPs stabilize only the body-
centered cubic structure of BPI. As anisotropic platelet MoS2 NPs induce the nematic
order, they destroy isotropic symmetry, which is preferred by the BPIII as proven the
existence by the critical point for I-BPIII transition [18]. In contrast spherical Au NPs
still preserve isotropic symmetry within their vicinity. This automatically select MoS2
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platelet NPs as stabilizing agent for BPI, with lower symmetry close to the nematic
long-range order and spherical Au NPs as stabilizing agents for amorphous BPIII with
local symmetry same as in isotropic phase. In addition, for the same concentration the
whole BP range is better stabilized in the sample with platelet NPs. In both cases,
the other two BPs are suppressed already for small concentrations of NPs. Moreover,
for the same concentration, i.e., χ = 0.02, the whole BP range is better stabilized
in the sample with platelet NPs (compare 6.85 K in gold NPs samples with 9 K in
samples with MoS2 NPs). In both cases, the TI−BP is shifted to higher temperatures,
which is in a good agreement to theoretical prediction that larger particles should
improve DCR mechanism near the I-BP phase transition and at particles large enough
this mechanism prevails the elastic distortion induced by the NPs, which impose an
opposite tendency.
As it was introduced in model in section 1.2.2 the free energy of the system is
expressed as [7, 133],
F =
∫
(fc + fe)d3~r +
∫
(fi)d2~r. (63)
The first integral runs within the LC body and the second over the LC-NPs interfaces.
In the following only the most essential contributions in F are introduced in order










determines the equilibrium values of S = Seq in the pure LC sample, where a
summation over repeated indices is assumed. The quantities A0, B, C are material
constants. The condensation term enforces a first order phase transition at the critical
temperature Tc = T∗ + (B2/4A0C). The elastic term is expressed as
fe =
L
2QikjQikj + 2q0LεiklQijQljk, (65)
where only the key elastic contributions are taken into account, weighed by the temper-
ature independent positive constant L and the chiral wave vector q0. The conditions
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where ~v determines the local normal of NP-LC interface and w measures the surface
interaction strength. If w > 0 then the interface locally enforces an isotropic tan-
gential anchoring (i.e., ~n tends to lie within the surface plane where no orientation
is preferred). On the contrary, for w < 0 the homeotropic conditions are established
enforcing the orientation of ~n along ~v. When describing the effective surface inter-
action, the aim is to estimate the effective coupling strength of a NP with its LC
surrounding. We assume that flexible tails attached to the NP surface enable it to
locally accommodate to local environment so that it distorts relatively weakly the LC
ordering. Therefore, we set that in a local NP environment the LC molecules are on
average homogeneously aligned along a single orientation ~nloc. The integration of fi
over the NP surface yields
Wi ∼ πR2wSP2(~v · ~nloc), (67)
where we neglected the contributions at the lateral surface 2πRh and P2(x) = (3x2 −
1)/2 is the second Legendre polynomial. For simplicity the dimensionless parameter
u = wπR2Sβ, where β = (kbT )−1 and kb is the Boltzmann constant. The local






where an integration over all possible relative orientations of ~v and ~nloc is performed.
The brackets 〈. . . 〉 indicate a statistical averaging. In the weak interaction limit (i.e.,
|wR2β  1|) it follows
〈P2〉 ∼ −wπR2Sβ/5. (69)
Contrary to this limit in the case of u 1 and u 1 the 〈P2〉 ∼ −0.5 and 〈P2〉 ∼ 1,
respectively. Therefore, for an isotropic tangential anchoring 〈P2〉 < 0, i.e., the surface
normal of the platelet ~vp tends to be perpendicular to ~nloc. On the contrary, in the
homeotropic case 〈P2〉 > 0 and ~vp tends to be aligned along ~nloc.
For R = 5 nm, S ∼ 1 and T ∼ 415 K, it follows that |u| < 1 is realized for
|w| < 5 ∗ 10−5 J/m2. In the following the superscripts (l) and (s) will be linear and
the saturated regime cases and by inserting the equilibrium value 〈P2〉 gives the two
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and α ∼ 1 for u −1 and α ∼ 0.5 for u 1.
The effective interface free energy density contribution of a sample is defined as














In the above equations the Φ = NNPvNP/V ∼ χρLC/ρNP , where NNP counts for
the number of NPs of volume vNP ∼ πR2h and R describes the radius, while h the
thickness of the molibden NPs. In addition, ρLC and ρNP stand for the mass densities
of LCs and NPs, respectively, V is the volume of the sample, while w(l)eff ∼ ΦπR2w2β/h
and w(s)eff ∼ Φα |w| /h.
When the estimation of the impact of the effective NP-LC interaction on the phase
transition to the orientationally ordered phase upon decreasing temperature from the
isotropic phase, it is assumed that the condensation term and the surface interaction
dominate the phase behavior. Furthermore, the spatial variation in S within the
sample is neglected. Therefore, in our approach S estimates a spatially averaged value
of the orientational order parameter. By taking into account Eq. 64, Eq. 72 and Eq.
73 the dominant contributions in the effective free energy density are obtained, i.e.,
〈f〉 ∼ A0(T − T∗)S2 − BS3 + CS4 + 〈fi〉.
Because weff > 0, the phase transition temperature Tc(Φ) is increased in the
presence of NPs. The relation for phase transition temperature shift holds for linear
regime case
70















In the equations above the ∆T (l)c = Tc(Φ)− Tc is the shift of phase transition temper-
ature due to the NPs of concentration Φ, ξc =
√
K/a0(Tc − T∗)S20 is the order param-
eter correlation length of pure LC at Tc = Tc(Φ = 0), S0 = B/2C = Seq(TC ,Φ = 0),
de = K/w is the surface anchoring extrapolation length and K the average Frank
nematic elastic constant.
3.4.2 Stabilization of cholesteric blue phases by laponite nanoplatelets
In next subsections the results on BPs stabilization with even larger platelet shaped
NPs are presented. A mixture of CE8 and laponite nanoparticles coated with CTAB
with χ = 0.05 was prepared in the same manner as described in 3.1. More about
preparation of NPs with dimensions of 25 nm x 1 nm can be found in [134].
Heat capacity results
The graph of temperature dependence of specific heat in Figure 39 shows that there
are minor differences between pure CE8 and mixture with laponite nanoparticles. The
range of BPI is increased from 3.05 K in pure CE8 to 5 K and BPIII is significantly
suppressed.
The total BP range is slightly increased to 6 K with respect to 5 K in pure CE8.
Again the I-BP transition temperature (TI−BP ) is slightly (∆TI−BP = 1 K) shifted to
higher temperatures with respect to pure CE8. The total BP range is reproducible
in heating and cooling runs, however, upon heating we have seen only two anomalies
between the I and N*, indicating that on heating the BPII is completely suppressed
[134]. The cp(T) data were taken upon cooling from the isotropic to SmA* phase with
cooling rate of 150 mK/h.
In Figure 40 the platelet structure of BPI is presented.
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Figure 39: The temperature dependence of the specific heat for mixture of CE8 and
laponite platelet nanoparticles with χ = 0.05 [134].
Figure 40: The POM image for mixture of CE8 and laponite nanoparticles with χ =
0.05 [134].
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Discussion of results obtained in mixtures of CE8 and platelet laponite
nanoparticles
Even if the concentration of laponite NPs was higher than in the case of MoS2 and
graphene NPs, the impact on BPs stabilization was less effective. Nevertheless, the
available laponite was not possible to be functionalized exactly on the same way as
MoS2 or graphene nanoplatelets that will be presented later on. Hence, no direct
comparison can be done. It is assumed that its less effective stabilization can be
related to the CTAB functionalization, which probably makes NPs less adaptive to the
surrounding LC order or is more difficult for NPs to reach the defect core. Even if the
stabilization was less effective it is obvious that laponite NPs improve stabilization of
BPI as other platelet NPs. They again induce the nematic order and destroy isotropic
symmetry as it was described in previous section.
3.4.3 Stabilization of cholesteric blue phases by graphene nanoplatelets
To see if the decrease in the effect of the stabilization in laponite NPs is related with
the increased size comparable to MoS2 or to different functionalization, we prepare two
mixtures of CE8 and χ = 0.001 of graphene NPs coated with two different coatings,
which were even larger than laponite NPs. Both types of graphene NPs have been
synthesized by exfoliation of graphite [135] and coated with OA in both cases, while
in the second case graphene was additionally decorated by CoPt NPs. The size was
observed by AFM and is in the order of 50 nm in diameter and with average thickness
3.9 nm (Figure 41).
Heat capacity results
The temperature profiles of specific heat cp (T) are shown in Figure 42. The cp(T)
data were taken upon cooling from the isotropic to SmA* phase with a cooling rate of
150 mK/h. In both cases it can be seen that the very small concentration of graphene
has significant effect on phase transitions. In contrast to pure CE8 sample, in mixture
with graphene NPs only two BPs appear. With additional functionalization with CoPt
spherical NPs only one BP remains. In both cases the total BPs range is increased and
the TI−BP is shifted to higher temperature (∆TI−BP = 1.1 K). Only a small hysteresis
of 0.5 K is observed between heating and cooling runs and is related to the first order
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Figure 41: AFM image of the three selected graphene nanoplatelets denoted by arrows
(left panel) and the AFM measured thicknesses (right panel) [45].
character of these transitions.
Polarized optical microscopy results
The POM images for mixture of CE8 and χ = 0.001 of graphene NPs in Figure 43
reveal that the remaining two BPs are the foggy blue BPIII and BPI identified through
the platelet texture in blue and green color that becomes more and more greenish with
cooling toward the N* phase.
The POM images for the mixture of CE8 and graphene NPs that were additionally
functionalized with spherical CoPt NPs are presented in Figure 44 for χ = 0.001. The
POM figure close to the BP-I phase transition seems to indicate the foggy BPIII phase
(Figure 44 (a)), but soon a platelet texture is seen (Figure 44 (b) and (c)) that is in
accordance with slightly different BPI texture observed before (see for instance Fig.
6A on p. 169 of Ref. [27]).
Discussion of results obtained in mixtures of CE8 and platelet graphene
nanoplatelets
The specific heat and POM measurements on graphene mixtures show even better
stabilization of total BP range than in the case of mixtures with MoS2 and laponite
NPs. Specifically, the total BP range is extended from 5 K in pure CE8 to 7.5 K for
a small concentration of only χ = 0.001. In addition as anisotropic platelet NPs in
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Figure 42: The temperature dependence of specific heat for (a) CE8 and mixtures of
(b) CE8 with χ = 0.001 graphene nanoplatelets functionalized with OA and (c) CE8
with χ = 0.001 graphene nanoplatelets functionalized with OA and additionally with
CoPt [45, 136].
both mixtures with graphene NP the cubic BPI is mostly stabilized. It is interesting
that the addition of CoPt quantum dots functionalization does not change the total
range of BP, but additionally expands the temperature range of BPI on expense of
BPIII phase. This may be the result of better functionalization that the more rough
surface of graphene with CoPt NPs provides, additionally preventing agglomeration
of graphene NPs. In both cases of graphene and graphene with CoPt, the BPII is
completely suppressed. In addition, in the latter the TGBA phase is induced, which is
extensively stabilized in the samples with small spherical NPs, but is presented only
in traces in the case of anisotropic platelet NPs with OA functionalization (graphene,
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Figure 43: The POM images for mixture of liquid crystal CE8 and graphene nanopar-
ticles with χ = 0.001. The foggy BPIII texture is shown in panel (a). The evolution
of platelet texture of BPI is shown in panels (b) and (c) at decreasing the temperature
[45].
Figure 44: The POM images for the mixture of CE8 and graphene NPs with χ =
0.001 additionally functionalized with CoPt NPs. The foggy texture in the panel (a)
indicates the existence of BPIII in a narrow temperature range close to BP-I phase
transition. The platelet texture corresponding to BPI [27] observed in most of the
BPs range is shown in panels (b) and (c). In panel (d) the brightly colored texture of
a chiral nematic phase N* with oily streaks is observed on further cooling [136].
Mos2) [116]. This indicates that enhancement of functionalization plays an important
role if the initial functionalization is not sufficient to prevent agglomeration of NPs.
The impact of graphene NPs on LC ordering is estimated using a simple theoretical
modeling. The local orientational order is described as presented in section 1.2.2 by
the uniaxial nematic tensor order parameter Q. For simplification, in the model it is
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set that the platelet graphene NP exhibits a cylindrical symmetry and only weakly
disrupt the LC local ordering. It is assumed that an isolated graphene NP is immersed
in a locally well-aligned nematic order which average orientation is estimated by ~n [45].
For our graphene NP the radius R and thickness h are roughly equal to R ≈ 25 nm
and h ≈ 5 nm. At an interface of graphene NP and LC, a local preferential field is
enforced with interaction strength that is modeled by
wi = w~v ×Q~v, (76)
where ~v stands for a local outer normal of a interface of graphene NP and LC. If
the interaction constant w > 0, the interface locally enforces an isotropic tangential
ordering, while when w < 0 the homeotropic ordering is enforced. If the integration
over the graphene NPs surface yields ∆Wi =
∫
wid
2~r = 4π3 R
2(1− h2R)wSP2 ≡ ∆W0P2,
P2 = (3cos2θ − 1/2) and θ determines the angle between ~n and the graphene NPs




P2 exp∆Wiβ d(cos θ)
/∫
exp∆Wiβ d(cos θ). (77)
Here β−1 = kBT , kB is the Boltzmann constant, the brackets 〈. . . 〉 determine a
statistical averaging and the integration is carried out over θ ∈ [0, π]. By introducing











where Erf stands for the Error function. In the limit |σ|  1, the expression is
simplified to 〈P2〉.
As it is intuitively expected for w < 0 the nanoplatelets exhibit 〈P2〉 > 0, while for
w > 0 it stands that 〈P2〉 < 0. For a homeotropic anchoring ~e tends to be aligned along
~n and perpendicular to it for an isotropic tangential anchoring. Therefore, it always
holds 〈∆Wi〉 < 0. In the limit |σ|  1, it follows 〈P2〉 (w > 0) ∼ 1, where saturated
values are well approached already at |σ| ∼ 10. For relatively weak anchoring strengths
|w| ∼ 10−6 J/m2 and room temperatures, one gets σ ∼ 1, roughly corresponding to the
linear 〈P2〉 (w) regime. Note that, due to 〈∆Wi〉 ∝ −S < 0, the surface interaction
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tends to increase the phase transition temperature into the orientationally ordered
phase, which is in line with the experimental results. Due to the apparent increase
of I-BPIII phase transition temperature, it is concluded that |σ| is strong enough
(|w|  10−6 J/m2) so that the saturated regime is realized. Therefore, our analysis
suggests that the nematic field aligns relatively well the graphene NPs, and their
fluctuations are rather weak.
Graphene NPs can efficiently stabilize the BPI structure if they are assembled at
the cores of disclination lines. The linear core size is roughly given by the nematic order
parameter correlation length ξ that is in the order of few nm. In this case the Defect
Core Replacement (DCR) mechanism [28, 31, 32] is enabled. According to DCR, the
relatively high penalties arising from the essentially melted cores of disclinations are
reduced because a part of these singular regions is replaced by a volume of graphene
NPs. For this purpose, graphene NPs need to be adaptive, i.e., their presence should
not apparently disrupt the LC ordering [43]. Graphene NPs are adaptive due to their
surface treatment with flexible OA molecules. Because R of a graphene NPs is typically
larger than the disclination core size, only a part of the nanoplatelet lies within it.
The remaining part is in the nematic region, which is however only weakly distorted
owing to the flexible OA molecules that enable the nanoplatelets to accommodate
with the surrounding order. The substantial efficiency of BPs stabilization suggests
that the graphene NPs symmetry axis ~e is perpendicular to a disclination direction
in order to maximize the DCR effect. Note that the adaptive character of graphene
NPs enables that its opposite nanoplatelets accommodate a different director field
distribution which is known to surround a m = −1/2 disclination. It can be concluded
that the efficient nematic director field driven suppression of fluctuations of graphene
NPs enables the stabilization of the ordered BPI structure [45].
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3.4.4 Discussion of results obtained in experiments on CE8 and platelet
nanoparticles
The present experiments show that the stabilization effect obtained by the highly
anisotropic nanoplatelets of different composition is very different than one of spher-
ical nanoparticles. The latter have stabilized the less ordered BPIII [31, 32], while
the anisotropic platelet NPs affect mainly the more ordered BPI [45, 132, 134]. As
anisotropic platelet NPs induce the nematic order they destroy isotropic symmetry,
this automatically select platelet NPs as stabilizing agent for BPI, with lower symme-
try close to the nematic long-range order.
In all platelet mixtures the BP-I phase transition is shifted to higher temperatures.
We claim that the reason behind this is the more effective assembling of platelet NPs
at the cores of disclinations, representing a decrease in the main global free energy
(improved DCR mechanism). Another reason is reduction of fluctuation of disclination
lines due to the assembling of heavy large anisotropic NPs within the defect cores or
their vicinity.
However, while in the case of spherical NPs it is obvious that the NPs aggregate in
the core of defects, in the case of platelet NPs it is not so obvious, how they arrange.
This was not observed or proven yet, however, there are several possibilities. Firstly,
the platelet NP can be stacked (like plates) along the disclination line. In this case the
stabilizing mechanism is the DCR mechanism. However the second possibility is that,
they are arranged in the triangle, where each of the three NPs orient along the three
main directions of the director around the m= -1/2 disclination line. In this case the
mechanism is not DCR anymore, but the stabilization is improved, since these three
platelet NPs additionally stabilize the nematic order around the disclination lines as
well as the disclination line itself by reducing the fluctuations with increasing the
weight of the structure.
However, it should be mentioned that long term stability of such "triangle" NPs
structure is questionable, since proximity of NPs usually drives them to form stacked
discotic-like clusters described in the former case, even in the case of a good function-
alization.
Despite the higher concentration of laponite NPs, the impact on BPs stabilization
was lower than in the case of MoS2 and graphene NPs. Since the size of laponite
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particles was in between MoS2 and graphene NPs, one can conclude, that the stabi-
lization of BPs is not much correlated with the size of platelet NPs. One can argue
that the CTAB functionalization makes NPs less adaptive to the surrounding LC’s
order making it more difficult for NPs to reach the defect core.
Figure 45: The phase diagram χ− T of pure CE8 and its mixtures with platelet NPs;
graphene and MoS2 NP upon cooling. Laponite was not included due to different
functionalization [45, 132].
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3.5 Stabilization of cholesteric blue phases by nanorods
In studies of Diriking et al. [27] the authors attempted to stabilize the BPs by adding
of single wall carbon nanotubes, however, only a minor stabilization of BPs is re-
ported. In that case, their nanotubes were not functionalized and perhaps the use of
functionalized nanotubes or nanorods of proper size could have a larger effect. In this
section the stabilization of BPs with functionalized gold nanorods [123, 137, 138] is
explored.
3.5.1 Stabilization of cholesteric blue phases by gold nanorods
The gold nanorods (GNRs) [139, 140] were synthesized in the group of T. Hegmann at
Kent State University, USA and were prepared by siloxane-conjugation of cholesterol-
silane to MPS-coated GNR surface. The nanorods were dispersed in chloroform. The
Figure 46: TEM image of gold nanorods. With permission of Torsten Hegmann, Kent
State University, USA.
TEM image in Figure 46 shows the gold nanorods with length of 50-60 nm and width
of 12-18 nm. The aspect ratio varies from 2.5 to 5. The mixture of CE8 and GNRs
was prepared as described in section 3.1, except that the GNRs were dispersed in
chloroform and were added to the LC, which was dissolved in the toluene. Such
a solution was then mixed, firstly, at lower temperature than previous mixtures at
60◦C for approximately 90 minutes to allow all the chloroform to evaporate. After, it
was slowly heated up to 110◦C for approximately 2 hours to allow all the toluene to
evaporate and further on, it was left at 147 ◦C for approximately 1 hour to allow the
complete evaporation of solvent and the achievement of a homogeneous dispersion.
After all the solvent had evaporated, the mixture was quenched from the isotropic
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to crystalline phase to prevent the phase separation that can happen during the slow
cooling through intermediate phases between the isotropic and crystalline phases.
Heat capacity results
The temperature profiles of the specific heat cp (T) shown in Figure 47 indicate that
there is only one BP left [141]. Since the transition from isotropic phase to BPs is
of strongly first order, it is less visible in ac runs even in the case of pure CE8. In
GNRs mixtures, the cp transition anomaly from isotropic phase is even less pronounced
probably due to a sluggish first order conversion. Inset in Figure 47 (c) shows the
magnified isotropic to BP cp transition anomaly. The total BP temperature range is
extended from 5 K in pure CE8 to 6.15 K and 9.7 K in GNRs mixtures of χ = 0.005
and χ = 0.02, respectively. The phase transition temperature to isotropic phase is
in GNRs shifted for 1 K to higher temperatures as in pure CE8. It appears that
GNRs ordering and disordering effects are comparable to those with platelet NPs. In
addition, the cp data indicate the appearance of NL* and TGBA inserted between the
N* and SmA (Figure 47 (d)).
Polarized optical microscopy results
The POM observations presented in Figure 48 and Figure 49 were taken at Jožef Stefan
Institute in the laboratory of Physics of Soft Matter, Surfaces and Nanostructures
under the assistance of Miha Škarabot. In the Figure 48 the panels for mixture
of χ = 0.005 are presented, while in the Figure 49 the mixture with concentration
χ = 0.02. The figures revealed that the only remaining BP in mixtures with gold NRs
is cubic BPI. Since in this case temperature controller has accuracy of ± 0.1 K the
rate of heating is less constant as it is seen in both Figures 48 and 49, where circulated
ranges with different sizes of BPI platelets, related to the different heating rate, are
seen. In both figures the bottom platelets are taken under higher magnification then
the upper one.
Discussion of results obtained in mixtures of CE8 and gold nanorods
The specific heat and POM results lead us to draw the phase diagram for mixtures
of CE8 and gold NRs presented in Figure 50 [141]. It is demonstrated that both
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Figure 47: The temperature dependence of the specific heat cp(T ) for mixtures of
CE8 and gold NRs with χ = 0 (a), χ = 0.005 (b), and χ = 0.02 (c). In figure (d) the
magnified cp(T ) data indicate the existence of NL* and TGBA inserted between the
N* and SmA [141].
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Figure 48: The POM images for mixture of CE8 and gold nanorods functionalized
with MPS-Chol-silane for χ = 0.005. In the panel (a) the appearing of BPI in the
black isotropic phase is seen. The (b) and (c) the platelet texture corresponding to
BPI are observed (in (c) under higher magnification). In panel (d) the brightly colored
texture of a chiral nematic phase N* starts appearing on further cooling [141].
Figure 49: The POM images for mixture of CE8 and gold nanorods functionalized with
MPS-Chol-silane for χ = 0.02. The (a) and (b) the platelet texture corresponding to
BPI are observed upon decreasing the temperature. The panels (c-d) are taken under
higher magnification. In the panel (d) the appearing of BPI in the black isotropic
phase is seen that becomes more clearly visible under cooling (d). In the panel (e)
the bright colored texture of a chiral nematic phase N* starts appearing on further
cooling [141].
BPIII and BPII are completely suppressed even for small concentrations of GNRs
(χ < 0.005).
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Figure 50: The phase diagram χ−T of pure CE8 and its mixtures with gold nanorods
upon cooling. The dotted lines serve only as guides to the eye. T ∗ denotes the
transition temperature from isotropic to BPIII or BPI [141].
It appears that GNRs efficiently stabilize only the BPI structure by GNRs assem-
bling at the cores of defects, similarly to the case of platelet NPs. As in the case of
platelet NPs, also anisotropic rod NPs induce the nematic order and destroy isotropic
symmetry. This select also nanorod NPs as stabilizing agent for BPI, with lower sym-
metry close to the nematic long-range order. In order to confirm assembling of GNRs
at the cores of defects, the localized surface plasmon resonance (LSPR) measurements
were conducted on GNRs mixtures of χ = 0.005 and χ = 0.02 described below.
The plasmon resonance measurement technique is presented in chapter 2.4. Mea-
surements were performed for the CE8 + GNRs, χ = 0.005 and χ = 0.02 mixtures
placed between 145 µm thick glasses. The measurements were carried out by Brigita
Rožič using an Ocean Optics Maya 2000 Pro Spectrometer at the Jožef Stefan Insti-
tute. The data analysis was done under supervision of Brigita Rožič. The extinction
spectra were taken in wavelength range between 200 nm ≤ λ ≤ 1100 nm. The spec-
trometer data were taken in the transmission mode. In Figure 51(a), the extinction
spectrum is presented for GNRs dispersed in chloroform [data supplied by curtesy of
T. Hegmann]. Two extinction peaks were observed at 510 nm and 750 nm, related to
the localized surface plasmon resonance perpendicular and parallel to the GNRs long
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axis, respectively [141].
Figure 51: Plasmon resonance data for GNRs dispersed in chloroform (a), in CE8 with
χ = 0.005 (b) and in CE8 with χ = 0.02 (c). Both plasmon spectra in CE8 were taken
in BPI at 416 K. The solid red lines in panels (b) and (c) represent fits to gaussian
peaks. The inset to panel (b) shows plasmon data taken in the isotropic phase at 420
K. Here, the second broad peak was subtracted from data to enhance the detection of
small peaks above 800 nm [141].
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Due to the distribution of GNR aspect ratio between 2.5 to 5 of GNRs, both peaks
are substantially smeared [142, 143]. It should be noted that the formation of larger
more spherical agglomerates would result in blue shifted peak below 600 nm [142].
The absence of the substation extinction between the two peaks indicate the absence
of such agglomerates, i.e., the quality of the dispersion. In particular, the FWHM
of the second red shifted peak related to the parallel resonance is about 300 meV in
comparison to less than 70 meV for single GNR resonance with aspect ratio larger
than 2.5 [142, 144]. In Figures 51(b) and 51(c), the extinction spectrum is presented
for GNRs dispersed in CE8 with χ = 0.005 and χ = 0.02, respectively. In both cases
two smeared extinction peaks, observed previously in the chloroform dispersion, are
observed just slightly blue shifted, confirming that the dispersion of GNRs in CE8 is
of sufficient quality. Indeed the rise of extinction magnitude in mixture of χ = 0.02
follows the increase of concentration of GNRs. It should be noted that merging of
both peaks in the case of χ = 0.02 mixture indicate the possibility of formation of
some clusters with reduced aspect ratio [141, 142]. Besides, the two expected broad
peaks the series of additional red shifted sharp peaks are observed above 826 nm (Fig.
51(b)). As shown in the inset to Figures 51(b), no such peaks were observed in the
isotropic phase. Note that the broad peak was subtracted from data in the range of
wavelengths of sharp peaks to enhance the detection of small peaks. This series of
very sharp peaks is indicating the formation of small chains of two or three GNRs with
aspect ratio above 5 [142, 144]. Note that as aspect ratio increases, the width of the
peak decreases below 70 meV and the position of the peak is red shifted [142]. This is
in agreement with the expected formation of linear chains of GNRs within the cores
of disclination lines. Such linear clusters of 2-3 GNRs can shift the peak for about
100-150 nm toward red wavelengths [144]. Similar formation of anisotropic clusters
was observed in LSPR measurements in the case of spherical gold NPs stabilizing the
TGBA phase [116]. It should be noted that sharp peaks above 826 nm persist down to
crystalline phase. This indicates that when the linear chains are formed, it is difficult
to destroy them by ordering of much smaller LC molecules [141].
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3.6 Discussion of results obtained in experiments on CE8 and
nanoparticles
In all mixtures of CE8 with spherical NPs the extension of BPIII range takes place
and the N*-BP phase transition has been shifted downwards. BPII disappears for all
mixtures studied.
In all mixtures of CE8 with larger anisotropic platelet NPs of different core, size
and functionalization it can be seen that the platelet NP favor the stability of BPI
over BPII and BPIII.
Au nanorods in the mixture of CE8 favor the stability of BPI over BPII and BPIII.
Comparing the experiments performed on the spherical Au and platelet MoS2,
which have the same radius, it is possible to conclude that the shape of NPs plays an
important role in choosing which BP to stabilize, i.e., the anisotropic nature of platelet
NPs influence the stabilization of BPI instead of BPIII. As anisotropic platelet NPs
induce the nematic order they destroy isotropic symmetry, which is preferred by the
BPIII as proven the existence by the critical point for I-BPIII transition [18]. In
contrast spherical NPs still preserve isotropic symmetry within their vicinity. This
automatically select platelet NPs as stabilizing agent for BPI, with lower symmetry
close to the nematic long-range order and spherical NPs as stabilizing agents for amor-
phous BPIII with local symmetry same as in isotropic phase. In addition, for the same
concentration the whole BP range is better stabilized in the sample with platelet NPs.
Similar findings were observed in anisotropic gold nanorods. Here, again only BPI
was stabilized while other two BPs were suppressed. As in the case of platelet NPs
this is due to their anisotropic nature which induce the nematic order and destroy
isotropic symmetry. This automatically means that nanorods stabilize BPI with lower
symmetry close to the nematic long-range order. Results of plasmon resonance mea-
surements indicate that GNRs efficiently stabilize only the BPI structure by GNRs
assembling in small linear clusters at the cores of disclination lines.
These findings are in good agreement with modeling results of Ravnik et al. [39].
Concerning the isotropic to BPs phase transition temperature, it is concluded that
for small spherical NPs the isotropic to BPs phase transition is slightly shifted to lower
temperatures or remains the same. On the contrary, in the case of larger spherical gold
NPs the isotropic to BPs phase transition temperature is increased. In addition, in the
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case of platelet and nanorod NPs, which are of similar size as spherical gold NPs or even
larger, the isotropic to BPs phase transition temperature is also increased. The shift
of TI−BP is related to the interplay several mechanisms. First one is DCR mechanism
that imposes an increase of TI−BP . Nevertheless, this mechanism is less efficient when
sample is approaching to the TI−BP , where the correlation length attains its maximum
value and the volume occupied by defects is larger. The increasing of TI−BP becomes
more effective with larger particles. The second mechanism is the elastic distortion
induced by the NPs and imposes the opposite tendency, i.e., decreases TI−BP . Another
elastic mechanism is reduction of fluctuation of disclination lines due to the assembling
of heavy NPs such as spherical Au and large anisotropic NPs within the defect cores
or their vicinity. When comparing the mixtures of platelet and spherical NPs of the
same radius, functionalization and concentration, a larger shift to higher temperatures
is observed in the case of platelet NPs (for instance ∆TI−BP = 1.3 K for MoS2 NPs
and ∆TI−BP = 1 K for Au NPs). The platelet anisotropic structure of MoS2 NPs
reduces the elastic distortion penalty and imposes already in the isotropic phase some
kind of ordering, which results to stabilization of BPI. This is in agreement with larger
shift of TI−BP upwards in a mixture with platelet NPs.
It appears that the amount and type of functionalization does not play an impor-
tant role in stabilization of BPs, unless the functionalization is too weak to prevent
the formation of larger agglomerates.
It is interesting to note that the sequence of SmA*-TGBA-NL*-N* cp anomalies
is similar to the sequence of N*-BPI-BPIII-I cp anomalies [116]. Both disordered
BPIII and NL phases having short range order usually react in the same way upon
the addition of the spherical and platelet NPs. However, the only difference between
the TGB and BPs sequence is that there is a direct BPI-I transition, while there is
no direct TGBA-N* transition as all published specific heat data always show the
intermediate NL* phase [116].
In conclusion to this section, results obtained by high resolution calorimetry and
POM showed that functionalized platelet nanoparticles and GNRs broaden the range
of cubic BPI, in contrast to spherical NPs and quantum dots, which broaden the
range of amorphous BPIII. A brief theoretical model, based on a Landau-de Gennes
phenomenological approach demonstrates that in the case of spherical NPs, two mech-
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anisms, the Defect Core Replacement (DCR) and the saddle-splay elasticity mecha-
nism play major role in stabilizing the disordered BPIII. In the case of anisotropic
NPs, the third Adaptive Defect Core Targeting (ADCT) mechanism related to the en-
ergy penalty, due to disruption of the disclination core-surrounding order, represents
an additional driving force of NPs into the disclination lines. Similarly to what was
found in the stabilization of the TGBA phase, the reduction of disclination defect-lines’
fluctuations caused by the formation of heavy anisotropic NPs’ clusters in their cores




4.1 Elastocaloric response prediction with large-scale molec-
ular simulations
Let us first consider the results of a simple theoretical model that was developed by
Skačej [145]. In that model large scale molecular simulations of the eCE in swollen
monodomain main-chain (MC) LCE are performed. The molecular simulations were
conducted by exploiting the indirect approach in which the magnitude of the effect is
extracted from the system equation of state connecting stress, strain and temperature.
The simulation starts by considering the total entropy S as a function of temperature
T and external force F . Given the adiabatic conditions by setting S = const. for the
reversible adiabatic process, the infinitesimal adiabatic changes of temperature ∆T
















where CF is the sample heat capacity at constant force and l is the length of the
sample. Isostress Monte Carlo simulations were performed in order to obtain l(T,F)
and CF(T,F). Then the Eq. 79 was rewritten in terms of reduced quantities yielding











The symbol ∗ denotes reduced values. σ∗ is reduced mechanical stress introduced as
σ∗ = Σσ30/ε and ρ∗ = Nσ30/V is the reduced sample density. Σ stands for engineering
stress calculated with respect to the surface area corresponding to a face of the cubic
reference sample, while σ0 is the Gay-Berne particle width and N is the number of
particles of volume V . The reduced temperature is T ∗ = kBT/ε, where kB is the
Boltzmann constant and ε is a characteristic interaction energy, i.e., the depth of
the Gay-Berne potential well for the parallel side-to-side molecular alignment. The
reduced sample dimension (λz) is the simulation box size measured along the z-axis,
normalized with respect to a side of the reference cubic sample. c∗F is reduced specific
heat at constant force, defined as c∗F = CF/NkB.
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To estimate the amplitude of the eC effect Eq. 79 has to be properly integrated.
The resulting eC amplitude ∆T ∗ are presented in Figure 52 but should be regarded
as an estimate.
Figure 52: (a) Temperature dependence of eCE amplitude ∆T ∗ for different values of
applied stress represented with (b) the corresponding the reduced sample dimension
λz upon zero and 0.02 reduced applied stress field [145].
Additional details about these simulations can be found in Skačej [145].
The simulations predict that the maximum of eCE is observed for initial temper-
atures just below T ∗NI at T ∗ ∼ 5.75 (in Figure 52) [145].
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In addition, the Monte Carlo simulations predict that eCE responsivity gradually
decreases with increasing stress field (Figure 53).
Figure 53: eC responsivity dependence on the applied stress just below the isotropic
to nematic phase transition at which the maximum of eC response is predicted (reduce
temperature T ∗ = 5.5) [145].
4.2 Direct measurement of elastocaloric effect in LCE
Elastocaloric effect was measured by using a direct measurement technique in which
the change of temperature of the sample is measured directly upon application or re-
moval of the mechanical stress field. In indirect measurements, the elastocaloric change
of temperature is calculated from the measurements of the nematic order parameter
as a function of temperature and stress field.
Figure 54 shows the four characteristic steps of an elastocaloric cycle:
(1) in the first step the sample starts at the constant ambient temperature in the
isotropic phase (above the I-N phase transition), here labeled as bath temperature
T0. In this initial state the LCE sample is shrunken in the isotropic state at the bath
temperature T0, which is in this example chosen to be just above the phase transition
from isotropic to the nematic phase.
(2) By applying a sufficient external stress field, the LCE stretches for some ∆l and
the phase transition from the isotropic to the nematic phase is induced. In this case
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Figure 54: Elastocaloric cycle in four steps. (1) The shrunken LCE is in isotropic
phase. (2) When stretched for ∆l, the phase transition to the nematic phase occurs.
The temperature of the sample rises by ∆TeC . (3) After some time, the heat is
dissipated to the bath and the sample temperature returns to the initial temperature.
(4) When released the sample returns to the isotropic state and the sample temperature
is reduced below the initial bath temperature T0.
the external stress field by inducing the ordered nematic state significantly reduces
the entropy of the nematic energy reservoir. Since this is happening very fast, in the
time scale in which the sample cannot exchange significant heat with the surrounding
bath, the transformation can be considered adiabatic, hence the total entropy must
be preserved. The reduction of the entropy of the nematic subsystem is compensated
by the increase of the thermal entropy, i.e., thermal fluctuations and consequently the
sample temperature increases by ∆TeC .
(3) With the stress field on, the sample is given sufficient time to exchange heat with
the bath, reducing its temperature exponentially back to the initial bath temperature.
(4) By removing the applied stress field, the sample shrinks and the opposite trans-
formation back to the isotropic phase takes place in which the increase of the nematic
entropy is compensated by the decrease of the thermal entropy, hence the decrease
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of the sample temperature for ∆TeC below the initial bath temperature. After suffi-
cient time, the sample exchanges heat with the surrounding bath and its temperature
returns back to the initial bath temperature, i.e., cycle repeats with the step (1).
Figure 55 shows the time profile of the measured elastocaloric change of temper-
ature in LCEs on applying and removing the external stress field. A positive tem-
perature change is observed on stretching while a negative temperature change on
shrinking (by removing the stress) the LCE. The magnitude of the elastocaloric re-
sponse observed upon application or removal of the stress field was the same within
five percent for all measured main-chain monodomain LCEs, demonstrating negligible
internal Joule heat losses due to the viscosity of the sample. Note that the tempera-
ture after some time indeed returns always back to the bath temperature even in the
presence of the stress field and the peaks are practically symmetrical.
Figure 55: An example of the actually measured elastocaloric temperature change in
LCEs on applying and removing the external stress field on the same time scale.
The temperature changes of LCE samples were measured in the vicinity of the I-N
phase transition as a function of the external stress field and temperature. Here the
bath temperature was stabilized precisely at some predefined temperature near the
I-N phase transition and the external stress field was applied by stretching the sample
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with precise translator to predefined length l. The sample was stretched by ∆l = l−l0,
where l0 is the length of non stretch LCE at stabilized temperature.
During the data analysis, the temperature gradient, which is present in the vertical
direction in the sample-holder Cu block, was taken into account and subtracted. The
temperature gradient exists in the vertical direction of the Cu block, since the LCE
sample can not be hermetically sealed inside the Cu block. Two holes exist at the top
and bottom plate enabling the glass holder to move (to stretch and shrink the sample).
The temperature gradient was previously determined by an attached thermistor to a
glass holder that was slowly swept through the length of Cu block by a translator.
The measured sample’s temperature versus time after the end of moving of trans-
lator is fitted with an exponential decay function that describes heat losses from the
sample to the surrounding bath
T (t) = T0 + A e−t/τext , (81)
where T0 = Tbath+4T 0grad, Tbath is the temperature of the surrounding of the sample
inside the Cu block, 4T 0grad is the change of temperature due to the gradient in Cu
block and τext is the external thermal time constant for heat flow from the elastomer
to the temperature stabilized bath. Because of the final external thermal time, the
sample temperature response of the changing gradient has also a time dependence.
The temperature gradient time dependence can now be constructed as
4Tgrad = T 0grad(1− e−t/τext). (82)
The actual measured temperature in LCE, if there were no gradients in the setup,
would then be
T (t) = Tmeasured(t)−4Tgrad(t). (83)
4.2.1 Data analysis by using a zero-dimensional model
From the raw data of the eC temperature change ∆T as a function of the stretching
length ∆l measured at constant bath temperature in LCE (Figure 56), a linear depen-
dence can be deduced implying that the elastocaloric heat change ∆Q can be written
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Figure 56: The measured elastocaloric temperature change ∆T as a function of the
stretching length ∆l [146].
as
∆Q = mcp∆T = K∆l. (84)
Within the so called zero-dimensional of thermal analysis [103] (Figure 57) in which
the temperature gradients within the sample can be neglected (as described in 2.1.1),
one can write




Here, the power P is directly related to the variation of the sample temperature
and its heat loss to the bath, T is the actual measured temperature in LCE, Tbath is
the temperature of the surrounding of the sample inside the Cu block and R is the
thermal resistance of the thermal link between the sample and surrounding. The heat
capacity of the whole system composed of all subsystems involved in the heat change




p. Here sum goes over heat
capacities of all subsystems involved, such as for instance the LCE sample, thermistor,
wires, glues etc. Specifically, during the translator movement the P (t) associated to
the elastocaloric heat changes per time is given by
97
ELASTOCALORIC EFFECT
Figure 57: Schematic representation of zero dimensional model for analysis of elas-
tocaloric effect. For simplicity, all subsystem components apart of the LCE sample
are denoted by C ip.
P = Q̇ =

0, for t < 0
αt, for 0 < t < t1
2αt1 − αt, for t1 < t < t2
0, for t > t2
(86)
and α = Ka, with a representing the translator acceleration.
By solving the equation
τ Ṫ + T = PR + Tbath = Q̇R + Tbath (87)
the time evolution of temperature can be expressed as:
T =

Tbath, for t < 0
Tbath + C2e−t/τ + αt− ατ, for 0 < t < t1
Tbath + C3e−t/τ + 2αt1 + ατ − αt, for t1 < t < t2










C3e−t2/τ + 2αt1 + ατ − αt2
e−t2/τ . (91)
Fitting the experimental data with the above set of functions provides all the
relevant parameters that can be used for calculating the amplitude of the temperature
change ∆T .
The so-obtained elastocaloric temperature change is lower than the real temper-
ature change that actually occurs within the elastomer, because so far we have not
considered the energy losses to the surrounding components that are attached to the
LCE material, such as the thermistor, the glue, the wires, and the Kapton tape. In






where ∑iC ip is the sum of heat capacities of all involved thermal subsystems; the
sample, the thermistor, glue, wires and Kapton tape. Cp,s denotes the heat capacity
of the LCE sample.
The values of C ip for some extensive components such as the Kapton tape and wires
are estimated in such a way that first the approximation of the heat penetration length
si for each component is made via si =
√
t·λi
ρi·cp,i , where λi is thermal conductivity, ρi is
density, cpi is specific heat of each material separately and t is time in which the whole
system comes into the internal thermal equilibrium. This time is typically shorter
than the time t2 in which the translator performs its movements, hence t ∼= t2. By
taking into account the penetration volume (Vi), the density (ρi) and the specific heat
(cpi), the C ip of the ith material is calculated as
C ip = ρiVicpi. (92)


















where Sr and lr are the area of the cross-section and the length of the sample at
room temperature, respectively, while ls is the length of the sample at the beginning
of the measurement. Here (mg) represents the measured force given in the form of the
weight.
This procedure is repeated for all measurements at different bath temperatures for
various chosen stretching lengths.














Another important quantity estimating the ratio between the elastocaloric tem-
perature change and the applied stress can be defined:
∆TeC
∆σ . (97)
This quantity denoted as effective elastocaloric responsiveness can be used to compare
elastocaloric efficiency of different materials.
4.2.2 Correction to elastocaloric response due to the finite radius of the
small bead thermistor
In the case of relatively thin samples in which the radius of the thermistor becomes
comparable to the sample thickness an additional correction to elastocaloric response
needs to be taken into account. Here, the local temperature disturbance due to the
attached thermistor that is comparable or larger in the size needs to be estimated and
included in data analysis.
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Figure 58: LCE with thickness d and the thermistor with radius r attached to it.
Region of LCE of temperature disturbance due to thermistor presence is marked with
the circle of radius x.
Let us consider the LCE stripe of thickness d and let us denote by x the radius of
the region of LCE in which the temperature disturbance due to thermistor is present
(Figure 58). In a simple approximation, the radius of the disturbed region x is in-





with λs, ρs, cp(s), denoting the thermal conductivity, density and specific heat of
the LCE sample. The mass of the LCE material with the disturbed temperature is

















Here ∆T1 = Ts − Tm, where Ts is the temperature of the sample and Tm is the
temperature that is actually measured by the thermistor and ∆T2 = Tm−T0, where T0
is the bath temperature. Subscripted index w is for Pt lead thermistor wires, suitable
for welding and gold wires, while s for the sample. The correction coefficient between




k = Ts − T0
Tm − T0
. (102)
Taking into account P1 = P2, the following expression for k can be obtained
k = 1 + 1
πλsdsRw
, (103)
where Rw is the total heat resistance of both platinum wires of transistor and gold
wires welded on.
Typical corrections of few percent can be obtained for thicknesses of the sample
comparable to the thermistor thickness, since the thermal conductivity of LCE is
normally in the range of 1-1.5 WmK , the sample thickness is usually several tenths of





= 1.8 · 105 K
W
for our measurement setup, i.e., value of k is somewhere
in between of 1.01 and 1.1.
4.3 Results of elastocaloric effect measurements in nematic
main-chain LCEs
We consider main-chain (MC) LCEs rather than side-chain (SC) LCEs because of their
extreme strain-alignment coupling [4] leading to a large thermomechanical response
and presumably, a large elastocaloric response ∆TeC [145]. The presence of mesogenic
units inserted within the polymeric backbone in MC LCEs leads to a stronger coupling
between the polymeric chain orientation, network strain and the intrinsically high LC
orientation order, than in the case of SC LCEs. Wermter and Finkelmann observed in
their study on a nematic monodomain LCE based on mixed MC and SC components,
that increasing the proportion of the MC component versus the SC one resulted in
increasing elongations with values reaching about 300% at the isotropic-nematic phase
transition in contrast to the average value of 50% for the mean elongation observed for
pure SC-LCEs [147]. It was also predicted that the eC effect will be more pronounced
in monodomain LCE samples where the director is uniform throughout the sample in
the aligned nematic phase [145].
The elastocaloric effect was systematically measured in two different MC mon-
odomain samples. They were chosen because they has shown the largest thermome-
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chanical response of all available MC LCEs and because their size and especially the
length were sufficient, due to the procedure of eC experiment. In both materials the
chain extender tetramethydisiloxane (TMDSO) and flexible siloxane-based crosslink-
ers with 5 reacting groups were used. The concentration of crosslinkers in the first
sample was χ = 0.08, while in the other χ = 0.10, where χ stands for the ratio of
the number of cross-linker and mesogen molecules. Different mesogens, resulting in
different amount of latent heat at the isotropic-nematic transition, were used in each
sample. LCE with χ = 0.08 concentration of crosslinkers has latent heat L = 0.05
Jg−1, while LCE with χ = 0.10 crosslinkers has L = 3.51 Jg−1. Samples were prepared
by D. Kramer and A. Sánchez-Ferrer, respectively, following the two step crosslinking
procedure described in [60]. Details about the materials preparation can be found in
[69] and [50] and presented in Figure 76 and 60, respectively. The former contains,
in addition, an azobenzene dye (χazo = 0.05). The azobenzene dye was added as a
comonomer for additional photoisomerisation studies performed on this photoactive
sample. Azobenzene dye has no significant impact on thermomehanical response at
such small concentration, so it is assumed it has no impact on elastocaloric effect
either.
In both samples, spontaneous thermomechanical responses of L/Liso = 2.02 are
obtained and are presented in Figures 61 and 77.
Figure 59: Schematic presentation of the structure and the building blocks of main-
chain LCE with χ = 0.08 crosslinkers’ concentration.
It is expected that the amount of latent heat released or absorbed at the isotropic-
nematic conversion will significantly enhance the eCE.
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Figure 60: Schematic presentation of the structure and the building blocks of main-
chain LCE with χ = 0.10 crosslinkers’ concentration.
4.3.1 Elastocaloric response in MC LCE with crosslinkers concentration
χ = 0.08
Figures 61 - 64 show the experimental results obtained in direct eC measurements
for the MC LCE sample with crosslinkers’ concentration of χ = 0.08. Note that the
temperature is measured very precisely ±0.3 mK and that all energy losses to the
surrounding are considered as well as correction due to finite radius was made. The
measurement accuracy is thus smaller than the size of the circles denoting measured
data. In Figure 61 it can be seen that the eCE achieved the maximum value near the
isotropic to nematic phase transition, while deeper in the isotropic or nematic phase
it is significantly reduced. These experimental results are in good agreement with
theoretical predictions of the eC response in MC LCEs obtained by Skačej [145]. Here
the largest nematic entropy change induced by the external stress field is expected at
the isotropic to nematic phase transition. With increasing the applied stress field the
maximum of the eC response is slightly shifted to higher temperatures as the stress
field shifts up the nematic transition temperature.
Figures 62 and 63 show the strain and stress dependence of the eC response,
respectively, at the isotropic to nematic phase transition, i.e., at the temperature of
the maximum eC response observed.
Figure 62 shows the nearly linearly dependent eC temperature change as a function
of the strain ∆l/l. It appears that for the strains within the spontaneous thermome-
104
ELASTOCALORIC EFFECT
Figure 61: Elastocaloric and thermomechanical response as a function of temperature
for MC LCE with χ = 0.08 crosslinkers’ concentration. Graph (a) shows that the
maximum of the elastocaloric effect takes place in the vicinity of the isotropic to
nematic phase transition where also the largest change in thermomechanical response
occurs (b) [82].
chanical strain no saturation in eC response is visible. Note that the points at strain
∆l/l = 0.14 and ∆l/l = 0.27 was, due to the to track of measurements, observed at
bath temperature slightly shifted from the maximum value near the isotropic to ne-




Figure 62: The elastocaloric temperature change at the isotropic to nematic transition
is nearly linearly dependent on the strain [82].
Figure 63: The elastocaloric temperature change at the isotropic to nematic transition
is nonlinearly dependent on the change in the stress field ∆σ [82].
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However, Figure 63 shows significant nonlinear eC response as a function of the
stress field change ∆σ. Even so, the saturation is not visible for stress fields above
0.15 MPa. It is interesting to note that a significant eC response of 0.35 K can be
observed for more than three orders of magnitude smaller stress fields (0.15 MPa) than
in shape memory alloys [82]. Figure 64 shows the elastocaloric responsivity ∆TeC/∆σ
as a function of the strain. The elastocaloric responsivity nearly linearly decreases
with the increasing strain.
Figure 64: The elastocaloric responsivity as a function of the applied stress field [82].
4.3.2 Elastocaloric response in MC LCE with crosslinkers concentration
χ = 0.10
Figures 77 - 68 show the experimental results obtained in direct eC measurements
for the MC LCE sample with crosslinkers concentration of χ = 0.10., i.e., the sample
of nearly the same magnitude of spontaneous thermomechanical response, but with
different mesogens and larger amount of latent heat L = 3.51 Jg−1. Figure 77 shows
similar results to those observed in the sample with χ = 0.08 crosslinkers’ concentra-




Figure 65: Elastocaloric and thermomechanical response as a function of temperature
for MC LCE with χ = 0.10 crosslinkers’ concentration. Graph (a) shows that the
maximum of the elastocaloric effect takes place in the vicinity of the nematic phase
transition at which also the largest change in thermomechanical response occurs (b)
[146].
Figure 66 shows the rather nonlinear dependence of the eC temperature change on
the stress field change ∆σ at the isotropic to nematic phase transition at which the
maximum of eC response is observed.




Figure 66: eC temperature change and the specific entropy change ∆seC at the
isotropic to nematic transition exhibit a rather non-linear dependence on the change
in the stress field ∆σ [146].
In Figure 68 it can be seen that eC responsivity ∆TeC/∆σ is gradually decreasing
with increasing stress. It is interesting to note that the elastocaloric temperature
change at the isotropic to nematic transition exhibits a close to linear dependence on
the strain for both samples.
For the maximum induced strain ∆l/l = 0.70 a sizable eC response of ∆TeC = 0.94
K is obtained for a moderate applied stress field of 0.6 MPa. The increase of the eC
response in this sample can be explained by the larger latent heat released at the
isotropic to nematic phase transition. From the theoretical model presented in the
section 1.3.2 it can be seen that the change in the nematic entropy (∆SN) leads to the
change in the thermal entropy (∆ST ). The entropy change in the sample with specific
heat cp connected with the presence of the latent heat (L) is:








Figure 67: eC temperature change at the isotropic to nematic transition is linearly
dependent on strain [146].
So in the case when latent heat is released in a relatively narrow temperature range,





giving in our case the eC response enhancement due to the latent heat of about
≤ 1.4 K.
4.4 Discussion of results obtained in elastocaloric experiments
The largest measured eC response was ∆TeC = 0.94 K. This is indeed nearly two orders
of magnitude smaller eC response than that observed in the best eC SMA materials
[85, 92], but also in SMA four orders of magnitude higher stress field was applied. The
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Figure 68: The eC responsivity as a function of the applied stress field [146].
magnitude of the eC responsivity in LCE of ≈ 4 K/MPa is two orders of magnitude
larger than the average eC responsivity of ≈ 0.04 K/MPa in SMA [82].
Taking into account that in MC LCE thermal expansions up to 400 % can be
achieved [73] it is plausible to expect an eC response of several K. This predic-
tion is supported by the relatively weak dependence of the elastocaloric responsivity
∆TeC/∆σ. In addition to that it is evident that the eC response can be significantly
enhanced by the latent heat that is released or absorbed at the nematic to isotropic
phase transition. Therefore, significant improvement in eC response can be expected
in LCEs with large latent heat, i.e., LCEs that are engineered to have mesogens that
result in strongly first order nematic ordering exhibiting a latent heat above 10 Jg−1.
Additional possibility is to dope the LCEs with LC compounds that exhibit large la-
tent heat at the isotropic to nematic transition. Such dopants would still follow the
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general nematic ordering enforced by LCEs polymeric matrix and mesogens [66] and
can contribute additional latent heat enhancement to the eC response. In fact, we
tried to dope both LCE samples mentioned above by 14CB which has L ≈ 14 Jg−1
[11]. Unfortunately, mixtures with 20% dopants show separation of phases, due to
incompatibility of the 14CB, which is actually smectic LC with direct isotropic to
smectic A transition. This remain to be resolved in future work by either choosing
the proper mesogens or using the smectic LCEs.
Nevertheless, the eC experimental results on MC LCEs are in good agreement with
the large-scale molecular Monte Carlo simulations in swollen monodomain MC LCE
[145].
However, the molecular simulations presented in section 4.1 predict an elastocaloric
temperature increase that exceeds 10 K upon applying an mechanical stress of 100 kPa.
This would result in an elastocaloric responsivity beyond 100 K/MPa [145], which is
one order of magnitude larger than our best results. Even though this results should
be regarded as an estimate (since only a modest number of data points were available)
[145], it shows that perhaps by better engineered LCEs significantly higher eC response
could be achieved. From the refrigeration application perspective, main challenges for
elastocaloric materials lie in reliability of eC effect during long-term cycles [74]. In
few eC cycles repeatings no significant fatigue was observed. The Joule heating is not
present and all electrical work is transfer to mechanical stress changes. It is a fact
that there is much less problems with Joule heating losses and problems with cracking
and mechanical breakdowns in soft LCEs than in shape memory alloys. Latter require
significantly higher mechanical fields, which make the LCEs one of serious candidates
for future heat management applications based on the elastocaloric effect.
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5 Conclusions and perspectives
The experimental investigations presented in this doctoral dissertation show that sig-
nificant stabilization of cholesteric liquid crystal blue phases can be achieved by ad-
dition of functionalized NPs of various functionalizations, sizes, core materials and
shapes.
Our study suggests that the functionalization, geometry and size of NPs play an
important role on the BPs of CE8 LCs.
Studies exploiting the small (R < 10) nm spherical CdSe, CdSSe and Au nanopar-
ticles, demonstrate stabilization of the disordered BPIII. Here different cores and
amount of functionalization did not play a crucial role as long as NPs remain small.
Additionally, all small spherical NPs suppress the ordered BPII completely and the
BPI in smaller extent. In contrast, the larger spherical Au NPs, with diameter 10 nm
and similar functionalization suppress BPI totally already for very small concentra-
tions.
The improved, i.e., more dense functionalization of both CdSSe and CdSe did not
have significant impact on the stabilized range of BPs.
In contrast to spherical NPs and quantum dots, the larger platelet NPs, mimicking
two dimensional anisotropic objects, of different core, size and functionalization, favor
the stability of BPI over BPII and BPIII.
Comparing the experiments performed on the spherical Au and platelet MoS2,
which have the same radius, it is possible to conclude that the shape of NPs plays an
important role in choosing which BP to stabilize, i.e., the anisotropic nature of platelet
NPs influence the stabilization of BPI instead of BPIII. As anisotropic platelet NPs
induce the nematic order they destroy isotropic symmetry, which is preferred by the
BPIII as proven the existence by the critical point for I-BPIII transition [18]. In
contrast spherical NPs still preserve isotropic symmetry within their vicinity. This
automatically select platelet NPs as stabilizing agent for BPI, with lower symmetry
close to the nematic long-range order and spherical NPs as stabilizing agents for amor-
phous BPIII with local symmetry same as in isotropic phase. In addition, for the same
concentration the whole BP range is better stabilized in the sample with platelet NPs.
Similar findings were observed in gold nanorods, mimicking one-dimensional anisotropic
objects. Here, again only BPI was stabilized while other two BPs were suppressed.
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As in the case of platelet NP this is due to their anisotropic nature which induce
the nematic order and destroy isotropic symmetry. This automatically means that
nanorods stabilize BPI with lower symmetry close to the nematic long-range order.
Results of plasmon resonance measurements indicate that GNRs efficiently stabilize
only the BPI structure by GNRs assembling in small linear clusters at the cores of
disclination lines.
Concerning the isotropic to BPs phase transition temperature, it is concluded that
for small spherical NPs the isotropic to BPs transition is shifted to lower temperatures.
On the contrary, in the case of larger spherical gold NPs the isotropic to BPs phase
transition temperature is increased. In addition, in the case of platelet and nanorod
NPs, which are of similar size as spherical gold NPs or even larger, the isotropic to
BPs phase transition temperature is also increased. The shift of TI−BP is related
to the interplay of several mechanisms. First one is DCR mechanism that imposes
an increase of TI−BP . Nevertheless, this mechanism is less efficient when sample is
approaching to the TI−BP , where the correlation length attains its maximum value
and the volume occupied by defects is larger. The increasing of TI−BP becomes more
effective with larger particles. The second mechanism is the elastic distortion induced
by the NPs and imposes the opposite tendency, i.e., decreases TI−BP . Another mech-
anism is reduction of fluctuation of disclination lines due to the assembling of heavy
NPs such as spherical Au and large anisotropic NPs within the defect cores or their
vicinity. When comparing the mixtures of platelet and spherical NPs of the same
radius, functionalization and concentration, a larger shift to higher temperatures is
observed in the case of platelet NPs (for instance ∆TI−BP = 1.3 K for MoS2 NPs and
∆TI−BP = 1 K for Au NPs). The platelet anisotropic structure of MoS2 NPs reduces
the elastic distortion penalty and imposes already in the isotropic phase some kind of
ordering, which results to stabilization of BPI. This is in agreement with larger shift
of TI−BP upwards in a mixture with platelet NPs.
The important mechanisms to stabilize the BPs were detected. In the case of
spherical NPs the DCR and the saddle-splay elasticity mechanism play a major role
in stabilizing the less ordered BPIII. In the case of larger anisotropic NPs, a third
mechanism, the so-called ADCT, was also introduced. This mechanism is related to
the energy penalty, due to disruption of the disclination core-surrounding order and
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represents an additional driving force of NPs into the cores of defects. Their adaptive
character is enabled by the attachment of flexible functionalization and give them the
ability to accommodate their local surface anchoring conditions to the surrounding
environment, which is not homogeneous. Similarly to what was found in the stabiliza-
tion of the TGBA phase, the reduction of disclination defect-lines’ fluctuations caused
by the formation of heavy anisotropic NPs’ clusters in their cores can also play an im-
portant role in stabilizing BPI. The formation of such anisotropic clusters in mixtures
of CE8 and gold nanorods was confirmed by plasmon resonance spectroscopy.
In the second part of dissertation the existence of sizable eCE in MC LCE was
demonstrated. In both observed MC LCE the maximum of the eC effect takes place
in the vicinity of the isotropic to nematic phase transition where the largest change
in thermomechanical response also occurs. A positive temperature change can be
observed on stretching LCE and negative temperature change on shrinking. The
magnitude of the elastocaloric response observed upon the application or removal of
the stress field was the same within five percent for all measured MC monodomain
LCE, demonstrating negligible internal Joule heat losses due to the viscosity of the
sample. In both observed MC LCE the eC temperature change at the isotropic to
nematic transition is nearly linearly dependent on the strain and whereas it shows
a rather nonlinear dependence on the change in the stress field. eC responsivity
as a function of the strain is gradually decreasing with increasing stress field. The
largest measured eC response was ∆TeC = 0.94 K. This is indeed nearly two orders of
magnitude smaller eC response than that observed in the shape memory alloys, but
for four orders of magnitude smaller applied stress field. Hence, the magnitude of the
eC responsivity in LCE of ≈ 4 K/MPa is two orders of magnitude larger than the
average eC responsivity of ≈ 0.04 K/MPa in shape memory alloys.
It is expected that significant enhancement of the eC response will be observed in
LCEs engineered in such a way that they would exhibit a much larger amount of latent
heat at the isotropic to nematic transition. This approach was already validated in
the case of electrocaloric and magnetocaloric effects. However, such LCEs with large
latent heat still need to be synthesized and that remains at the heart of our future
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Doktorska disertacija je sestavljena iz dveh delov. V prvem delu doktorske disertacije
so predstavljeni rezultati meritev opravljenih z različnimi merilnimi tehnikami, ki
prikazujejo stabilizacijo holesteričnih modrih faz z različnimi funkcionaliziranimi nan-
odelci. V drugem delu je predstavljeno nekaj neposrednih meritev elastokaloričnega
efekta v glavno-verižnem tekočekristalnem elastomeru. Predstavljen je nematski kalorični
pojav, ki je induciran z zunanjim mehanskim poljem.
7.1 Tekoči kristali in njihove faze
Tekoči kristali (TK) so organske snovi, ki jih poleg v kristalni in tekoči fazi najdemo
še v vmesnih tekočekristalnih fazah. [1, 2, 3]. Glavne mikroskopske lastnosti TK so
orientacijski pozicijski red in smektično urejanje plasti. Ti se navzven kažejo kot ra-
zlične faze teh snovi. Izvor dodatnih faz je v obliki in kemijski strukturi tekočekristal-
nih molekul [3]. Med drugim prehajajo tekoči kristali pri ohlajanju čez nematske
faze (TK so orientacijsko urejeni v isto smer, kar opišemo z nematskim ureditvenim
parametrom), smektične faze (poleg orientacijske urejenosti so TK tudi pozicijsko ure-
jeni v plasti, kar opišemo s smektičnim ureditvenim parametrom) in heksatične faze
(tudi znotraj plasti so dodatno urejeni) [3]. V primeru kiralnih TK molekul, ki ni-
majo nobene zrcalne simetrije, pa najdemo kiralne faze, pri katerih se smer direktorja
suče okrog osi. Med kiralne faze spadajo tudi frustrirane faze, kot so TGB faze in
modre faze. Prvo modro fazo BPI, drugo modro fazo BPII in tretjo modro fazo BPIII
(angl. blue phase I, II in III) najdemo v močno kiralnih vzorcih v ozkem območju
med izotropno in nematsko fazo. Za njih je značilna defektna struktura - dvojnosučni
cilinder, ki je posledica tega, da kiralnost molekul teži k tvorbi spiralnih struktur v
tekočem kristalu, ki pa se ne morejo raztezati čez celotno območje TK [1, 12, 10]. Dvo-
jnosučni cilindri se poskušajo urediti v kubično urejeno strukturo, pri tem pa pride
do defektov v točkah, kjer se srečajo trije cilindri in kjer ni ujemanja med njihovimi
direktorji. Linije, v katere se ti defekti povezujejo, se imenujejo disklinacijske linije.
Modre faze ločimo glede na razporejenost teh linij in dvojnosučnih cilindrov v pros-
toru. Amorfno mrežno dvojnosučnih cilindrov najdemo v neurejeni BPIII [16, 17, 18],
medtem pa imata BPI in BPII telesno centrirano in površinsko centrirano kubično
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strukturo [10, 13, 14, 15].
Predstavljen je teoretični model, ki je osnovan na Landau-de Gennesovem fenomenološkem
pristopu, v katerem sta predstavljena dva mehanizma. Prvi DCR (ang. defect core re-
placement) sloni na zamenjavi tekočega kristala v jedru defekta z nanodelcem, medtem
ko je drugi povezan z elastično deformacijo - sedlastim upogibom (K24). Kaže, da ta
dva mehanizma igrata veliko vlogo pri stabilizaciji modrih faz. Pomemben, še pose-
bej v primeru večjih anizotropnih nanodelcev, je tudi tretji mehanizem ADCT (ang.
adaptive defect core targeting), ki je povezan z energijsko izgubo zaradi motnje, ki
jo delec povzroči okrog jedra disklinacijske linije. Ta mehanizem tako predstavlja do-
datno silo, ki vleče nanodelec proti jedru disklinacijske linije. Podobno kot je bilo
ugotovljeno pri stabilizaciji TGB faz, nastanek težkih anizotropnih skupkov nanodel-
cev v jedru defektov zmanjša fluktuacije disklinacijskih defektnih linij in tako prispeva
k stabilizaciji tako BPI kot tudi BPIII modre faze.
7.2 Holesterične modre faze in njihova stabilizacija z nan-
odelci (ND)
Raziskave stabilizacije različnih holesteričnih modrih faz BPI, BPII in BPIII z doda-
janjem različnih ND v holesterični TK so v zadnjem času pritegnile veliko pozornosti
zaradi možnosti njihovih optičnih aplikacij in tekočekristalnih zaslonih [20, 21, 22] ter
3D laserjih [24].
Eksperimente smo izvedli na Institutu Jožef Stefan v kalorimetru z možnostjo
ac-kalorimetrije in relaksacijske kalorimetrije. Narava modrih faz je bila preverjena
s pomočjo polarizacijske optične mikroskopije (POM). Fukcionalizirane delce v naših
raziskavah smo karakterizirali s pomočjo mikroskopa na atomsko silo in metode sipanja
rentgenskih žarkov pod malim kotom (Small angle x-ray scattering ali SAXS). Lokalna
površinska plazmonska resonanca pa je bila izvedena z namenom zaznati kovinske ND,
njihovo združevanje in anizotropijo ND in njihovih skupin.
Pripravili smo mešanice TK CE8 z različnimi sferičnimi (CdSe, CdSSe in Au),
ploščatimi (laponit, grafen in molibden) in paličastimi (zlate nanopalčke) nanodelci.
CE8 je močno kiralen TK (včasih poimenovan tudi 8SI*) [126].
Na sliki 69 so predstavljeni temperaturni profil specifične toplote pomerjen ob
hlajenju in POM slike, ki kažejo modro megleno teksturo BPIII in teksturo moza-
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Figure 69: Specifična toplota cp čistega TK CE8 merjena z ac kalorimetrijo med
ohlajanjem (levo) in POM slike meglene modro barvne teksture BPIII (a) in teks-
ture mozaičnih ploščic BPI pri višji temperaturi (b) in nižji temperaturi (c) čistega
kiralnega TK CE8 med ohlajanjem (desno).
ičnih ploščic BPI. Vsaka anomalija specifične toplote predstavlja fazni prehod iz ene
tekočekristalne faze v drugo. Rezultati kažejo, da v CE8 obstajajo vse tri BP. Pre-
hodi med njimi so pri temperaturah: TBPIII−I = 417.5 K, TBPIII−BPII = 416.25 K,
TBPII−BPI = 415.55 K in TN∗−BPI = 412.5 K, kar pomeni da so BP stabilizirane v
območjih 1.25 K za BPIII, 0.7 K za BPII in 3.05 K za BPI [32].
Karakteristike ND, ki so bili uporabljeni v naših raziskavah, kot so oblika, velikost
in funkcionalizacija so predstavljene v Tabeli 2 in na Sliki 70.
Material funkcionalizacija oblika premer (2R) debelina
Grafen OA ploščati 50 nm 3-5
Grafen OA+CoPt ploščati 50 nm 3-5
MoS2 OA ploščati 10 nm 1
Laponit CTAB ploščati 25 nm 1
CdSSe OA, TOP sferični 3.5 nm
Au OA sferični 10 nm
CdSe OA, TOP, PVP sferični 3.5 nm
Au MPS-Chol-silane paličasti 50 nm (dolžina) 12 nm (premer)
Table 2: Karakteristike materiala, funkcionalizacije, oblike in velikosti nanodelcev
uporabljenih v raziskavah.
Oleilamin (OA), trioktil fosfin (TOP), centrimonium bromid (CTAB) in polivinilpiroli-
don (PVP) so funkcionalizacijske molekule. Funkcionalizacijo v prvi vrsti uporabl-
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Figure 70: Shematična predstavitev ND, ki so bili uporabljeni v raziskavi.
jamo, ker omogočajo boljše mešanje s tekočim kristalom in bolj stabilne mešan-
ice. MPS-Chol-silan je holesterol-silan s silanizacijo pripet na (3-merkapto propil)
trimetoksi silan. CoPt so kristalne kvantne pike, uporabljene, da efektivno povečajo
površino ND grafena, česar rezultat je gostejša funkcionalizacija ND.
Vse mešanice TK CE8 so bile pripravljene z dobro znanim protokolom mešanja
[31, 124, 125] v majhni viali s pomočjo magnetnega mešala na grelni plošči. Majhna
masa TK CE8 (mTK ≈ 100 − 200 mg) je bila segreta v izotropno fazo, potem je bil
dodan toluen in ND razpršeni v toluenu. Dodana masa ND (mND) je bila izbrana
tako, da je bila dosežena zaželena koncentracija χ. V primeru zlatih nanopalčk je bil
v vseh poleg toluena v vseh korakih uporabljen tudi kloroform, saj so bile nanopalčke
razpršene v njem.




kjer sta mND in mTK masi ND in TK.
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7.2.1 Stabilizacija holesteričnih modrih faz s sferičnimi nanodelci
V prvih študijah se je raziskovalo predvsem stabilizacijo modrih faz z mešanicami
kiralnih tekočih kristalov s sferičnimi nanodelci in kvantnimi pikami, kot so CdSe [31,
32], CdSSe in zlati nanodelci. Vsi fazni diagrami temperaturnih prehodov v odvisnosti
od koncentracije nanodelcev v CE8 TK z dodanimi različnimi tipi sferičnih nanodelcev
z različnimi jedri, velikostmi in funkcionalizacijo kažejo stabilizacijo BPIII. To velja
vsaj dokler so delci manjše ali podobne velikosti kot jedro disklinacijskih linij. Poleg
tega vsi sferični ND zadušijo urejeno fazo BPII.
V mešanici s CdSe ND z dodano funkcionalizacijo PVP in v mešanici s CdSSe
ND, ki sta oba enakih velikosti kot CdSe prejšnjih raziskavah [31, 32], smo preverjali,
če gostejša funkcionalizacija izboljša stabilizacijo modrih faz. V primeru CdSSe je
funkcionalizacija gostejša, saj se v CdSe OA veže le na Cd, medtem ko se pri CdSSe
OA lahko poleg na Cd veže tudi na S. Vezava TOP molekul je v obeh primerih enaka.
Ugotovili smo, da izboljšana funkcionalizacija ne izboljša in ne vpliva na stabilizacijo
celotnega območja modrih faz. Edina sprememba, ki je bila zaznana v vzorcih z
boljšo funkcionalizacijo je bilo zmanjšanje območja BPI, kar kaže na to, da boljša
funkcionalizacija vsiljuje nered in slabše stabilizira bolj urejene faze (Slika 71)[129].
Figure 71: Fazni diagram χ − T za mešanice TK CE8 in CdSSe ND med hlajenjem.
Črtkane črte so narisane za lažje opazovanje. T ∗ je temperatura faznega prehoda iz
izotropne v BPIII [129].
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Da bi preverili vpliv velikosti ND na stabilizacijo BP, smo pripravili mešanico z
večjimi (R = 10 nm) sferičnimi Au ND. Iz kalorimetričnih in POM meritev smo
ugotovili, da je fazni diagram mešanic z Au ND podoben faznim diagramom mešanic
s CdSe in CdSSe ND. BPIII je stabilizirana, medtem ko BPI in BPII izgineta že pri
majhni koncentraciji ND (χ = 0.005), ker je lepo predstavjeno na faznem diagramu
na Sliki 72) [131].
Figure 72: Fazni diagram χ−T za mešanice TK CE8 in sferične Au ND med hlajenjem.
Črtkane črte so narisane za lažje opazovanje. T ∗ je temperatura faznega prehoda iz
izotropne v BPIII [131].
Medtem ko manjši sferični ND BPI zadušijo le delno, je pri večjih zlatih ND popol-
noma zadušena že pri majhnih koncentracijah (χ = 0.005). Poleg tega v nasprotju z
mešanicami z manjšimi sferičnimi ND, kjer temperatura faznega prehoda iz izotropne
v BP (TI−BP ) ostane nespremenjena ali je rahlo pomaknjena k nižjim temperaturam
pri vseh koncentracijah ND, v mešanicah z večjimi sferičnimi Au ND opazimo preha-
janje TI−BP k višjim vrednostim. Z večanjem radija ND tako opazimo, da se fazni
prehod TI−BP pomika k višjim temperaturam [131].
To je v skladu s teoretičnimi opazovanji, kjer pokažemo, da je pomik TI−BP k višjim
temperaturam posledica DCR mehanizma, medtem ko nižanje tega faznega prehoda
povzročijo elastične distorcije tekočega kristala, ki so inducirane z ND. Za večje ND je
DCR mehanizem učinkovitejši, saj je pri faznem prehodu iz izotropne v nematsko fazo
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korelacijska dolžina največja in tako volumen defektov večji, s tem pa DCR mehanizem
izgublja na vplivu. Pomik, ki višjim temperaturam, zaradi DCR mehanizma je torej
večji, pri večjih ND. Poleg tega se modre faze stabilizirajo pri višjih temperaturah, ker
večji ND zadušijo fluktuacije disklinacijskih linij, saj se večji in težji ND nabirajo v
njih in njihovi okolici.
7.2.2 Stabilizacija holesteričnih modrih faz s ploščatimi nanodelci
Nato smo se v naši raziskavi osredotočili na ploščate nanodelce, da bi ugotovili, kako
oblika ND vpliva na tip in širino območja posameznih modrih faz. Pripravljene so bile
mešanice TK CE8 z χ = 0.02 MoS2 ND, ki imajo radij enak radiju sferičnih Au ND.
Poleg tega sta bili pripravljeni tudi mešanica z večjimi laponitnimi ND s koncentracijo
χ = 0.05 in od vseh ploščatih ND največjimi grafenskimi ND s koncentracijo χ =
0.001. Pri grafenskih ND sta bili pripravljeni dve mešanici z enako koncentracijo. V
prvi so bili ND funkcionalizirani le z OA molekulami, medtem ko so bili grafenski
ND za drug vzorec dodatno funkcionalizirani z kvantnimi CoPt ND, ki so efektivno
povečali površino primerno za funkcionalizacijo z OA. Rezultat tega je bila gostejša
funkcionalizacija.
Rezultati kalorimetrije visoke ločljivosti in mikroskopije s prekrižanimi polariza-
torji so pokazali, da funkcionalizirani ploščati ND razširijo območje modrih faz vendar
v čisto drugačni sliki. V primerjavi s sferičnimi in kvantnimi pikami, ki bolj sta-
bilizirajo amorfno BPIII [31, 32], ploščati nanodelci z različnimi jedri, velikostmi in
funkcionalizacijo bolj stabilizirajo urejeno BPI [132, 134, 45].
Primerjanje rezultatov eksperimentov izvedenih na sferičnih Au in ploščatih MoS2
ND, ki sta po radiju enakih velikosti, je vodilo do zaključka, da oblika igra pomembno
vlogo pri tem, katera od modrih faz bo stabilizirana. Anizotropna oblika ploščatih ND
tako povzroči stabilizacijo BPI, medtem ko sferična oblika BPIII. Celotno območje
modrih faz je bolje stabilizirano v vzorcu s ploščatimi ND. V obeh primerih sta drugi
dve fazi (BPI in BPII v primeru Au ND in BPII in BPIII v primeru MoS2 ND) zadušeni
že pri zelo majhnih koncentracijah. Za isto koncentracijo ND (χ = 0.02), je celotno
območje BP bolje stabilizirano v primeru ploščatih MoS2 ND (za primerjavo, celotno
območje BP v mešanici z Au ND je 6.85 K, z MoS2 pa 9 K). V obeh mešanicah
je TI−BP premaknjena k višjim temperaturam, vendar je v primeru ploščatih ND
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temperaturni premik k višjim temperaturam večji (∆TI−BP = 1.3 K za ploščate MoS2
in ∆TI−BP = 1 K za sferične Au ND).
Temperatura faznega prehoda je odvisna od medsebojnega vpliva dveh mehaniz-
mov. Prvi je DCR mehanizem, ki vsiljuje zvišanje TI−BP , ki pa v območju faznega
prehoda postaja vse manj vpliven. Prostornina jeder disklinacijskih linij se namreč
poveča, ko se približujemo faznemu prehodu. Tako večji delci v okolici faznega prehoda
efektivno pokrijejo večjo prostornino in tako povečajo vpliv DCR mehanizma. Drugi
mehanizem je elastična distorcija tekočega kristala, ki je inducirana z ND in povzroči
znižanje TI−BP . Pri opazovanju mešanic s sferičnimi in ploščatimi ND z enakima radi-
jema in funkcionalizacijo, je k višjim temperaturam pomaknjen I-BP fazni prehod v
mešanici z ploščatimi ND. To je v skladu z dejstvom, da ploščata anizotropna struk-
tura MoS2 ND zniža elastično distorcijo in vsili urejanje TK v okolici že v izotropni
fazi, ki omogoči stabilizacijo BPI pri višjih temperaturah [131].
Čeprav je bila koncentracija laponitnih ND največja, je bil njihov vpliv na BP
manjši kot v primeru MoS2 in grafenskih ND. Ker je bila velikost laponitnih delcev
med velikostma MoS2 in grafenskih ND, lahko trdimo, da stabilizacija BP ni povezana
z velikostjo ploščatih ND. Vseeno pa je lahko razlog za slabšo stabilizacijo, CTAB
funkcionalizacija, zaradi katere so ND manj prilagodljivi ureditvi TK v okolici ND,
kar povzroči, da je delcem težje doseči jedra defektov.
Iz meritev specifične toplote za obe mešanici z grafenskimi ND, predstavljenih na
Sliki 73 lahko vidimo, da je v obeh mešanicah z grafenskimi ND že majhna koncen-
tracija le teh vidno vplivala na stabilizacijo modrih faz. V mešanici z grafenskimi ND
s OA funkcionalizacijo ostaneta samo BPI in BPIII, medtem ko pri dodanih CoPt
funkcionalizaciji ostane samo BPI.
V obeh primerih je celotno območje modrih faz povečano s 5 K v čistem TK CE8
na 7.5 K za koncentracijo χ = 0.001 in TI−BP je prestavljena k višjim temperaturam
(∆TIBP = 1.1 K).
Zanimivo je, da dodana funkcionalizacija s CoPt ne spremeni stabilizacije celotnega
območja BP, vendar še dodatno stabilizira temperaturno območje BPI na račun BPIII.




Figure 73: Temperaturna odvisnost specifične toplote za (a) čisti TK CE8 in mešanice
(b) CE8 z χ = 0.001 grafenskimi ND fukcionaliziranimi z OA ter (c) CE8 z χ =
0.001 grafenskimi ND fukcionaliziranimi z OA in dodatno funkcionaliziranimi s CoPt
[45, 136].
7.2.3 Stabilizacija holesteričnih modrih faz s paličastimi nanodelci
V tem poglavju bomo predstavili rezultate meritev na mešanicah TK CE8 s paličastimi
zlatimi funkcionaliziranimi nanodelci s koncentracijo χ = 0.005 in χ = 0.02.
Rezultati merjenja specifične toplote in POM so pokazali, da sta BPII in BPIII
popolnoma zadušeni že pri majhnih koncentracijah, medtem ko je BPI stabilizirana v
večjem temperaturnem območju, kar je lepo vidno na faznem diagramu χ−T na Sliki
74.
Prav tako je (TI−BP ) premaknjena k višjim temperaturam, kot v čistem TK CE8.
138
RAZŠIRJENI POVZETEK
Figure 74: Fazni diagram χ − T za čisti tekoči kristal in dve njegovi mešanici z
zlatimi nanopalčkami pomerjeni med hlajenjem. Črtkane črte so prikazane le za lažje
opazovanje. T ∗ je temperatura faznega prehoda iz izotropne faze v BPIII ali BPI [141].
Red in nered povezana z zlatimi nanopalčkami sta podobna kot pri ploščatih nan-
odelcih. Zlate nanopalčke tako zelo dobro stabilizirajo samo BPI tako, da se zbirajo
v jedrih defektov. To je bilo potrjeno z meritvami površinske plazmonske resonance
[141].
7.3 Elastokalorični odziv v tekočekristalnih elastomerih
V drugem delu so predstavljene neposredne meritve elastokaloričnega (eK) pojava v
tekočekristalnih elastomerih. Tekočekristalni elastomeri (TKE) združujejo lastnosti
tekočih kristalov in elastomerov. Elastomeri so sestavljeni iz monomerov, ki tvorijo
polimerne verige. Te s pomočjo zamreževalcev tvorijo elastomerno mrežo, v katero
s posebnimi tehnikami pripnemo TK mezogene. Mezogeni so lahko v elastomerne
verige vezani zaporedno in jih imenujemo glavno-verižni TKE (main-chain, MC) ali
kot stranske verige in jih imenujemo stransko-verižni TKE. Njihova zanimiva lastnost
je spontan reverzibilen termomehanski odziv, ki se zgodi pri segrevanju ali ohlajanju
TKE, pri čemer preidejo tekoči kristali v njih iz nematske v izotropno fazo. TKE so
v smeri direktorja tekočih kristalov v nematski fazi daljši kot v izotropni. Kalorični
pojavi, kot so elastokalorični (eK), magnetokalorični, elektrokalorični in barokalorični
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pojavi so v zadnjih letih pridobili veliko zanimanje zaradi njihove uporabe v novih,
okolju prijaznih grelnih, hladilnih in klimatskih napravah. Pri eK pojavu, kot tudi
pri barokaloričnem se zgodi pretvorba mehanske energije v toplotno. Najbolj je ta
pojav raziskan v kovinah z oblikovnim spominom, v katerih so izmerili spremembo
temperature do 40 K. Ker pa je v teh materialih potrebna mehanska napetost večja
od 1 GPa, je njihova uporaba v hladilnih napravah povezana z velikimi izzivi. V
tej tezi raziskujemo elastokalorični pojav v mehkih materialih, kot so tekočekristalni
elastomeri, pri katerih je dovolj že nekaj redov manjša mehanska napetost (okrog 1
MPa) za vzbujanje eK pojava.
Neposredne meritve elastokaloričnega pojava so potrdile, da obstaja merljiv eK po-
jav v okolici tekočekristalnega faznega prehoda v glavno-verižnih tekočekristalnih elas-
tomerih. Raziskave so pokazale, da pričakujemo največji eK pojav v TKE materialih,
ki so pripravljeni tako, da imajo pri nematskem prehodu velik termomehanski odziv
in veliko latentno toploto, ki dodatno ojača eK odzivnost. Elastokalorične meritve
so bile izvedene na merilni napravi sestavljeni iz natančnega translatorja za kontrolo
dolžine vzorca, merilne tehtnice za posredno merjenje sil bakrenega bloka z grelcem
in vgrajenim termistorskim senzorjem za uravnavanje in merjenje temperature.
7.3.1 Neposredne meritve elastokaloričnega odziva v TKE
Elastokalorični odziv je bil pomerjen z neposredno metodo, pri kateri je sprememba
temperature pomerjena neposredno pri aplikaciji in odstranitvi mehanskega polja.
Leva stran Slike 75 prikazuje štiri tipične korake v eK ciklu:
(1) v prvem koraku je nenapet vzorec pri konstantni temperaturi okolice v izotropni
fazi blizu faznega prehoda iz izotropne v nematsko fazo. Na sliki je ta temperatura
označena T0.
V tem začetnem stanju je TKE skrčen v izotropni fazi pri temperaturi okolice T0, ki
je v tem primeru izbrana tako, da je ravno nekoliko nad faznim prehodom iz izotropne
v nematsko fazo.
(2) Ko vzpostavimo dovoljšno zunanje mehansko polje, se TKE raztegne za ∆l s čimer
v vzorcu induciramo fazni prehod iz izotropne v nematsko fazo. V tem primeru zu-
nanje mehansko polje z induciranjem urejenega nematskega stanja zmanjša entropijo
nematskega energijskega rezervoarja. Ker se to zgodi zelo hitro, torej v časovnem oknu
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Figure 75: Elastokalorični odziv v štirih korakih (levo): (1) Skrčen TKE v izotropni
fazi. (2) Ko ga raztegnemo za ∆l, se v njem zgodi fazni prehod v nematsko fazo.
Temperatura vzorca se zviša za ∆TeK . (3) Po nekem času pridobljena toplota odteče
v okolico in temperatura vzorca se vrne na prvotno temperaturo okolice. (4) Ko vzorec
razbremenimo se vzorec vrne nazaj v izotropno fazo in temperatura vzorca se zniža
pod temperaturo okolice T0. Shematičen prikaz eK temperaturne spremembe v TKE
pri dodanem in odvzetem zunanjem mehanskem polju (desno).
v katerem vzorec ne more izmenjati toplote z okolico, lahko proces obravnavamo kot
adiabaten. To pomeni, da se celotna entropija sistema ohrani. Zmanjšanje entropije
podsistema povezanega z nematskim redom, je nadomeščen z zvišanjem termične en-
tropije. Zvišajo se termične fluktuacije, ki se navzven kažejo kot zvišanje temperature
vzorca za ∆TeK .
(3) V prisotnosti mehanskega polja je vzorec puščen toliko časa, da izmenja toploto
z okolico, pri čemer temperatura vzorca eksponentno pada proti začetni temperaturi
okolice.
(4) Ko odstranimo mehansko polje, se vzorec skrči in zgodi se obraten proces z faznim
prehodom in nematske v izotropno fazo, katerega posledica je zvišanje nematske en-
tropije sistema. Ta je zopet nadomeščena z znižanjem termične entropije oziroma
znižanjem temperature vzorca pod začetno temperaturo okolice za ∆T . Vzorec zopet
v določenem času izmenja toploto z okolico in temperatura vzorca se vrne na začetno
temperaturo okolice. Takrat se lahko začne nov cikel.
Desna stran Slike 54 prikazuje časovni potek eK temperaturne spremembe v TKE
pri dodanem in odvzetem zunanjem mehanskem polju. Pozitivna temperaturna spre-
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memba je nastala ob raztezanju vzorca, medtem ko je ob krčenju nastala negativna
temperaturna sprememba. Magnituda odziva je bila znotraj 5 procentov enaka pri
raztezanju in krčenju, kar kaže na zanemarljivo Joulovo gretje.
eK sprememba temperature je bila pomerjena v okolici I-N faznega prehoda kot
funkcija zunanjega mehanskega polja in temperature. Temperatura merilnega bakrenega
bloka je bila stabilizirana pri vnaprej določeni temperaturi v okolici I-N faznega pre-
hoda, potem pa je bil vzorec raztegnjen na vnaprej določeno dolžino l z natančnim
translatorjem. Sprememba dolžine je tako določena z ∆l = l − l0, kjer je l0 dolžina
neraztegnjenega vzorca pri temperaturi okolice.
Zunanje mehansko polje je izraženo z uporabljeno silo σ = F
S
. Na začetku merjenja






kjer sta Sr in lr površina preseka TKE in dolžina vzorca pri sobni temperaturi. ls
je dolžina vzorca na začetku merjenja. (mg) predstavlja izmerjeno silo v obliki teže.
Ta postopek je bil ponovljen pri vseh merjenjih pri različnih stabiliziranih temper-
aturah okolice in za različne izbrane dolžine raztezanja.














Pomembna količina, ki nam pove razmerje med elastokalorično temperaturno spre-
membo in uporabljeno mehansko napetost je je definirana kot:
∆TeK
∆σ . (110)
Ta količina je elastokalorična odzivnost in z njeno pomočjo lahko hitro primerjamo
elastokalorično učinkovitost različnih materialov.
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7.3.2 Rezultati neposrednih merjenj elastokaloričnega odziva v nematskem
MC TKE
eK odziv je bil sistematično pomerjen v dveh različnih MC monodomenskih vzorcih.
Izbrana sta bila, ker sta imela največji termomehanski odziv in sta bila primerne
velikosti za meritve. Shematski prikaz sestave vzorcev je prikazan na sliki 76. Vzorca
se razlikujeta v vrsti mezogena in v koncentraciji zamreževalcev (χ = 0.08 in χ = 0.10).
Ta razlika se navzven kaže z različno količino latentne toplote L prisotne pri faznem
prehodu iz izotropne v nematsko fazo. Vzorec TKE s koncentracijo zamreževalcev
χ = 0.08 je imel prisotno L = 0.05 Jg−1, vzorec s χ = 0.10 pa L = 3.51 Jg−1. Vzorci
so bili pripravljeni po Finkelmanovem postopku, z zamreževanjem v dveh korakih [60].
Priprava vzorcev je podrobno opisana tudi v [69] in [50].
V obeh vzorcih je prisoten spontan termomehanski odziv velikosti L/LIZO = 2.02.
Figure 76: Shematična prestavitev strukture in posameznih delov obeh glavno-verižnih
TKE s koncentracijo zamreževalcev χ = 0.08 in χ = 0.10.
Rezultati merjenj so pokazali, da je bil maksimalni eK odziv v okolici faznega pre-
hoda iz izotropne v nematsko fazo, medtem ko se z oddaljenostjo od faznega prehoda
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močno zmanjšuje (Slika 77). To je v skladu z rezultati teoretičnih simulacij eK odziva
v MC TKE, kjer je največja sprememba nematske entropije inducirane pod zunanjim
mehanskim poljem na faznemu prehodu iz izotropne v nematsko [145]. Z večanjem
mehanskega polja se maksimum eK odziva malenkostno premika k višjim temper-
aturam, saj večje mehansko polje zviša temperaturo faznega prehoda iz nematske v
izotropno fazo.
Figure 77: Elastokalorični odziv in termomehanski odziv v odvisnosti od temperature
za glavno-verižni TKE s koncetracijo zamreževalcev χ = 0.10. Graf (a) kaže, da je
maksimalni eK efekt v okolici faznega prehoda iz nematske v izotropno fazo, kjer so
tudi največje spremembe v termomehnskem odzivu (b) [146].
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Ko smo raziskovali eK spremembo temperature smo se osredotočili na meritve pri
temperaturah, kjer so bile te spremembe največje za dano mehansko polje, točno na
faznem prehodu iz izotropne v nematsko fazo. Tam je bila eK sprememba temperature
skoraj linearno odvisna od raztezka (Slika 78). Pri tem ni opaziti saturacije eK odziva
pri raztezkih v območju raztezkov spontanega termomehanskega odziva.
Figure 78: eK temperaturna sprememba in temperaturna sprememba specifične en-
tropije ∆seK v okolici faznega prehoda iz nematske v izotropno fazo je linearno odvisna
od raztezka [146].
Po drugi strani je eK sprememba temperature močno nelinearno odvisna od spre-
membe mehanske napetosti ∆σ (Slika 79). Kljub temu ni vidne saturacije za mehanske
napetosti nad 0.15 MPa. V primeru vzorca z χ = 0.08 je bil izmerjen eK odziv 0.35
K pri tri magnitude manjših mehanskih napetostih (0.15 MPa), kot so uporabljene
napetosti v kovinah z oblikovnim spominom [82].
eK odzivnost ∆TeK/∆σ skoraj linearno pada s spremembo mehanske napetosti
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Figure 79: eK temperaturna sprememba in temperaturna sprememba specifične en-
tropije ∆seC v okolici faznega prehoda iz nematske v izotropno fazo je nelinearno
odvisna od spremembe mehanskega polja ∆σ [146].
(Slika80).
Največji izmerjeni eK odziv je bil ∆TeK = 0.94 K, kar je približno skoraj dva
velikostna reda manjši eK odziv kot v kovinah z oblikovnim spominom. Vendar je bilo
tudi mehansko polje potrebno za tak eK odziv štiri velikostne rede manjše. Tako je
magnituda eK odzivnosti v TKE ≈ 4 K/MPa in je dva velikostna reda večja, kot pa
eK odzivnost v kovinah z oblikovnim spominom, kjer je odzivnost ≈ 0.04 K/MPa.
Če vemo, da lahko temperaturna raztezanja v MC TKE dosežejo tudi 400 % [73]
je možno pričakovati eK odzive v velikosti nekaj K. Ta napoved je podprta z relativno
šibko odvisnostjo eK odzivnosti od relativnega raztezka. Prav tako je očitno, da je
eK odziv močno povečan ob prisotnosti latentne toplote, ki se sprosti ali absorbirana
pri faznemu prehodu iz nematske v izotropno fazo ali obratno. Tako lahko pričaku-
jemo veliko izboljšanje eK odziva v TKE z veliko latentno toploto, tj., v TKE, ki so
narejeni s takimi mezogenimi molekulami, da je fazni prehod v njih prehod prvega
reda z latentno toploto več kot 10 J/g. Dodatna možnost je dopiranje TKE z TK,
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Figure 80: eK odzivnost kot funkcija mehanskega polja. [146].
ki vsebujejo veliko latentne toplote pri prehodu iz izotropne v nematsko fazo. Taki
dopanti bi še vedno sledili splošnemu nematskemu urejanju, ki ga vsiljujeta TKE elas-
tomerna mreža in mezogeni [66] in lahko pripomorejo k povečanju latentne toplote in
eK odziva. Poskusili smo dopirati enega od MC TKE z 14CB, ki ima L ≈ 14 J/g
[11]. Žal je v mešanici z 20% dopanti prišlo do separacije faznih prehodov, ker je
14CB nekompatibilen, saj je 14CB smektični TK z direktnim prehodom iz izotropne
v smektično A fazo.
Kakorkoli, molekulske simulacije predvidevajo eK temperaturno razliko večjo od 10
K pod vplivom mehanske napetosti 100 kPa. Rezultat tega bi bila eK odzivnost večja
od 100 K/MPa [145], kar je za magnitudo večja od naših zdajšnjih rezultatov. Čeprav
moramo vzeti te rezultate kot približek [145], kažejo, da bi mogoče v bolj primerno




Eksperimentalne raziskave prestavljene v doktorski disertaciji so pokazale, da z do-
dajanjem funkcionaliziranih ND z različnimi funkcionalizacijami, velikostmi, materiali
jeder in oblikami vidno stabilizirajo modre faze v holesteričnih TK. Ugotovili smo, da
funkcionalizacija, oblika in velikost ND, ki so dodani mešanici, pomembno vplivajo na
stabilizacijo različnih modrih faz TK CE8.
Študija je pokazala, da majhni (R < 10) sferični CdSe, CdSSe in zlati ND stabi-
lizirajo neurejeno BPIII. Pri tem različna jedra in količina funkcionalizacije ne igrata
poglavitne vloge, vsaj dokler so ND majhni. Vsi majhni sferični ND popolnoma
zadušijo urejeno BPII, medtem ko BPI zadušijo v manjšem obsegu, razen večji zlati
ND z radijem 10 nm, ki BPI popolnoma zadušijo že pri majhnih koncentracijah.
Izboljšana, gostejša funkcionalizacija sferičnih CdSe in CdSSe ND nima vidnega vpliva
na stabilizirana območje modrih faz.
V nasprotju s sferičnimi ND in kvantnimi pikami, večji ploščati ND, ki predstavl-
jajo dvodimenzionalne anizotropne ND, različnih jeder, velikosti in funkcionalizacije,
bolje stabilizirajo BPI kot BPII in BPIII. Na začetku ni bilo jasno ali je pri vplivu na
to, katera od različnih BP je stabilizirana, pomembna velikost ali oblika ND. Primer-
janje rezultatov eksperimentov izvedenih na sferičnih in ploščatih ND, ki sta po radiju
enakih velikosti, je vodilo do zaključka, da oblika igra pomembno vlogo pri tem, kat-
era od modrih faz bo stabilizirana. Anizotropna oblika ploščatih ND tako povzroči
stabilizacijo BPI, medtem ko sferična oblika BPIII. Razlog je v tem, da sferični ND v
njihovi okolici vzdržujejo izotropno simetrijo, ki je bolj preferirana s strani BPIII, kot
je bilo dokazano z obstojem kritične točke za fazni prehod iz izotropne v BPIII [18].
To sferične ND avtomatsko uvršča med učinkovite za stablizacijo amorfne BPIII faze
z enako lokalno simetrijo kot jo ima izotropna faza. Nasprotno, anizotropni ploščati in
paličasti ND vsiljujejo nematsko urejanje in s tem rušijo izotropno simetrijo. Ploščati
ND tako podpirajo stabilizacijo BPI, ki ima nižjo simetrijo bližjo simetriji nematskega
reda dolgega dosega. Celotno območje modrih faz je bolje stabilizirano v vzorcu s
ploščatimi ND.
Podobno je bilo ugotovljeno za zlate nanopalčke, ki prestavljajo enodimenzionalne
anizotropne ND. Tudi te so stabilizirale BPI, medtem ko sta bili drugi BPII in BPIII
popolnoma zadušeni že pri majhni koncentraciji (χ = 0.005). Rezultati merjenja
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plazmonske resonance nakazujejo, da zlate nanopalčke efektivno stabilizirajo BPI z
zbiranjem v majhne linearne skupine v jedru disklinacijskih črt.
Za opazovanje faznega prehoda iz izotropne v modre faze velja, da ga majhni
sferični ND nekoliko premaknejo k nižjim temperaturam. Nasprotno večji sferični zlati
ND premaknejo ta fazni prehod k višjim temperaturam. Enako se zviša temperatura
tega faznega prehoda tudi v primeru enako velikih in večjih ploščatih in paličastih ND.
V drugem delu disertacije smo prikazali obstoj precejšnega eK odziva v MC TKE.
V obeh opazovanih MC TKE je bil največji eK odziv pomerjen v okolici nematskega
faznega prehoda, kjer nastanejo tudi največje spremembe v termomehanskem odzivu.
Pozitivna temperaturna sprememba je bila pomerjena pri raztegovanju, medtem ko
je bila temperaturna sprememba pri krčenju TKE negativna. Magnituda eK odziva
pri raztezanju in krčenju TKE, je bila znotraj 5 procentov enaka pri obeh pomerjenih
MC TKE. To kaže na zanemarljive izgube zaradi notranjega Joulovega gretja.
V obeh opazovanih MC TKE je bila eK sprememba temperature pri prehodu
iz izotropne faze v nematsko skoraj linearno odvisna od obremenitve in nelinearno
odvisna od spremembe napetosti. eK odzivnost v odvisnosti od napetosti postopoma
pada z večanjem mehanskega polja.
Največji izmerjeni eK odziv je bil ∆TeK = 0.94 K, kar je približno skoraj dva
velikostna reda manjši eK odziv kot v kovinah z oblikovnim spominom. Vendar je bilo
tudi mehansko polje potrebno za tak eK odziv štiri velikostne rede manjše. Tako je
magnituda eK odzivnosti v TKE ≈ 4 K/MPa in je za dva velikostna reda večja, kot
pa eK odzivnost v kovinah z oblikovnim spominom, kjer je odzivnost ≈ 0.04 K/MPa.
Pričakujemo, da bi lahko pomerili boljši eK odziv v TKE, ki bi bili pripravljeni na
način, da bi pri prehodu iz izotropne v nematsko fazo vsebovali veliko latentne toplote.
Tak pristop je bil že uporabljen pri elektrokaloričnem in magnetokaloričnem odzivu.
Tako je največji izziv za prihodnost sinteza takšnih TKE.
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